16098 Biochemistry2005,44, 16098-16107

Characterization of Two Disting,-Microglobulin Unfolding Intermediates that
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ABSTRACT. The self-assembly gf,-microglobulin into fibrils leads to dialysis-related amyloidosis. pH-
mediated partial unfolding is required for the formation of the amyloidogenic intermediate that then self-
assembles into amyloid fibrils. Two partially folded intermediate8aficroglobulin have been identified
experimentally and linked to the formation of fibrils of distinct morphology, yet it remains difficult to
characterize these partially unfolded states at high resolution using experimental approaches. Consequently,
we have performed molecular dynamics simulations at neutral and low pH to determine the structures of
these partially unfolded amyloidogenic intermediates. In the low-pH simulations, we observed the formation
of a-sheet structure, which was first proposed by Pauling and Corey. Multiple simulations were performed,
and two distinct intermediate state ensembles were identified that may account for the different fibril
morphologies. The predominant early unfolding intermediate was nativelike in structure, in agreement
with previous NMR studies. The late unfolding intermediate was significantly disordered, but it maintained
an extended elongated structure, with hydrophobic clusters and restéutdnded chain strands in specific
regions of the sequence that map to amyloidogenic peptides. We propose that the formatisineet
facilitates self-assembly into partially unfolded prefibrillar amyloidogenic intermediates.

B2>-Microglobulin (32m)! is a noncovalently bound light High concentrations off,m alone are insufficient for
chain of the human class | major histocompatibility complex amyloid formation ¢, 8). Instead, unfolding of the protein
(MHC-1) (2). Cells displaying MHC-1 on their cell surface into a partially structured conformation is required for the
regularly releasg,m during the process of turnove)( 5.m formation of aggregates and fibril8,(9). Several triggers
is then transported to the kidneys where it is normally filtered of partial unfolding have been suggested to occur in vivo,
and degraded after reabsorption in the proximal tub@gs (  including increased local concentrations of copper in the
Patients with kidney dysfunction have a reduced ability to proximity of dialysis membranes). An increased copper
filter Som from the plasma and consequently exhibit an up concentration can lead to this partially unfolded state under
to 60-fold increase in the circulating level gbm (2, 3). physiological conditions at neutral pi8,(10, 11), although
During the process of hemodialysis, high levelssgh are copper is not necessary for the formation of fibrils in vitro,
released from blood cells that are brought into contact with Or the stabilization of the fibrils1().
the hemodialysis membrane, which also contributes to the The folding of 8om has been studied with biophysical
increased level oB,m (4—6). Increaseqg3.m serum levels methods, including fluorescence spectroscopy, far- and near-
have been linked to pathogenic amyloid formation in the UV circular dichroism, 8-anilino-1-naphthalenesulfonic acid
musculoskeletal syster@)( Large amounts gf.m amyloid ~ binding, nuclear magnetic resonance (NMR) spectroscopy,
deposits are found in the joints, which can lead to a variety hydrogen exchange, and double-jump assa@si4). These
of arthropathies 2). Taken collectively, pathogenif.m studies suggest th@m folds and unfolds in a sequential
amyloid formation in kidney disease patients is called Manner populating two distinct intermediatesand b (13,
dialysis-related amyloidosis, and it is a severe complication 14)-* The hypothesis is that the intermediates monitored
for patients on long-term hemodialysig, @). during folding correspond to the unfolding intermediates
linked to amyloidosis. The first unfolding intermediate, |
is nativelike, with a large amount of secondary structure and
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cal pH and temperaturéy

B2m forms fibrils of two distinct morphologies that have
been specifically linked to the two unfolding intermediates
(15). Short and curved fibrils form rapidly in a pH range of
3-5, and long and straight fibrils form in a pH range of
1.5-3in salt (L5, 16). The curved fibrils are derived from
the nativelike intermediate,,l which is the dominant con-
formation at pH 4 15), and the linear fibrils form slowly
from the more disordered intermediate, Which is the
dominant conformation at pH 1.8%, 17). The b intermedi-
ate is significantly more unfolded and may be a highly
populated conformation in the denatured stdt®).(The b
intermediate is less amyloidogenic, in that it has a longer
lag phase for fibril formation and high ionic strength is
frequently required 3, 15). Ex vivo fibrils exhibit predomi-
nantly curved morphologylg, 19), and they are presumably
formed from the { intermediate, or something similar. The
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crystal structure [PDB entry 11ds28)] of the isolated
monomer was used, and we denote this conformation A. The
1.9 A crystal structure g8.m bound to the MHC-1 molecule
[PDB entry 1hsb 24)] was also used, and we denote this
conformation B. MD simulations were performed at neutral
pH (His neutral) and low pH (His protonated and charged,
and Asp and Glu residues protonated and neutral). Lys and
Arg residues were ionized in all simulations. The starting
structures for all simulations were minimized 500 steps after
applying the appropriate protonation state. Waters were added
to make a box that extended at le&sA from any protein
atom, resulting in the addition of approximately 4000 water
molecules.

Simulations were performed at neutral and low pH at
physiological temperature (310 K) for both the A and B
conformers for 8 and 25 ns each, respectively. In addition,
498 K unfolding simulations were performed at low pH for

formation of h has also been observed in a series of mutants 3 ns each, and our nomenclature for these simulations denotes

designed to destabilize eaghsheet of the native structure
(15). Both the naturally occurring mutant N1722@) and
these designed mutants have higher populations of jthe |
intermediate 15, 20). The resulting fibril morphology of the

the conformation of the starting structure (A or B) and the
number of the trajectory for simplicity. Twelve independent
unfolding simulations were performed at 498 K starting with
the A (PDB entry 1lds) conformation, and we denote these

mutants depends on whether the mutation and conditionsp1—A12. Six independent thermal unfolding simulations at

favor the | or |, intermediate 15, 20).
In this paper, we describe molecular dynamics (MD)
simulations of,m in an investigation of unfolding to the

498 K were performed starting with the B (PDB entry 1hsb)
conformation, and we denote these-H36.

All simulations were performed with ENCARSP). The

amyloidogenic intermediate. We have performed simulations ,4t0cols and the force field have been described previously
at both ngutral and low pH to_|nve_st|gate pH-mediated (26, 27), and the box volume was adjusted to give the
conformational changes at physiological temperature (310 experimental density: 0.992 g/mL at 310 K and 0.829 g/mL

K) to approximate formation of amyloid in vivalg, 19). at 498 K @8). An 8 A force-shifted cutoff was employed
Our neutral-pH simulations serve as controls, and our low- (29), and the nonbonded list was updated every two steps
pH conditions span a pH range o2—4.2; Glu, Asp, and  (eyery 4 fs). Our nonbonded cutoff routine effectively screens
His residues are protonated, but the C-terminus is not. gjecrostatic interactions, thereby implicitly providing some

Consequently, our low-pH models should apply to bath I jonic strength effect<2). Simulations were performed using
and b, which form sequentially with pH primarily affecting  he microcanonical ensemble and periodic boundary condi-

the relative populations of the intermediates. We have alsOjons  Structures were saved every 0.2 ps for analysis

performed 18 independent unfolding simulations at high yegyjting in 125 000 structures for the 25 ns trajectories and
temperature (498 K) and low pH to investigate later stages 15 0o “structures for the 3 ns trajectories. All protein

of the unfolding pathway and improve sampling. Here we
propose all-atom structural models feiaihd b derived from
these simulations.

In recent simulations of other amyloidogenic proteins at
low pH, we observed the formation ofsheet, which was
first proposed by Pauling and Core3/j. o-Sheet is formed
by hydrogen bonding between adjacent strands in the “
extended chain” conformation, which is defined by an
alternation of residues in the heliaat andoy. conformations.

structure displays were created with PyMCRO).

RESULTS

Conformational Properties gf.m at 310 K.At 310 K,
the G, rms deviation from the crystal structure was greater
at low pH than at neutral pH for both the A and B
conformations (data not shown). The simulations at low pH
had significantly larger rms deviations in the-O and D-E

This alternation yields an extended polypeptide chain, not loops compared with their behavior at neutral pH, although

o-helix. A notable feature of the-sheet is the alignment of

the rms fluctuations about the mean structure were similar.

peptide NH groups on one side of the sheet and carbonyl The regions of the sequence with the lowegtr@sd were

groups on the other. In thg-sheet protein transthyretin,

the B-, C-, E-, and F-strands in simulations of both structures.

a-sheet formed over the strands that are highly protected in The D-strand was the most dynamic element of well-defined
hydrogen exchange experiments probing amyloidogenic secondary structure (Figure 1). Of the seykstrands, the

conditions R22). In lysozyme and the prion protein;sheets
formed in the specific regions of the protein implicated in
the amyloidogenic conversio2l). We have proposed that

D-strand had the largest,Crmsd and the largest rms
fluctuations at both neutral and low pH.

The starting monomeric A conformation has more regular

the formation ofo-sheet may be a common conformational S-sheet structure and mofesheet hydrogen bonding in the

transition in the fibrillization of amyloidogenic proteins.

MATERIALS AND METHODS

D-strand than the MHC-bound B conformation. The A
conformer contained 69% repeatifestructure based o
and y angles. The protein contained 4484structure, on

Two different crystal structures were used as the starting average, in the neutral-pH simulations, but it maintained

conformations of8.m in the MD simulations. The 1.5 A

hydrogen bonding between the ABE and GFC strands. The
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a we require that an amide hydrogen interacts 10% of the total
simulation time with solvent to exchange, then the neutral-
pH simulation correctly predicts 17 of the 28 strongly
protected amide hydrogens. The prediction improves to 23
of 28 if a 30% time cutoff is used.

The major difference between the simulations at low and
neutral pH was the formation af-sheet structure at low
pH (Figure 1). Very littlea-sheet hydrogen bonding was
observed in the neutral-pH trajectory, although transient
o-extended chain conformations were populated in the

Crystal Structure D-strand when it was not hydrogen bonded to the E-strand.
b In contrast, in the low-pH trajectoriea;sheet formed over

~ the ABED and GFC sheets. The most persistergheet
\\I - r - hydrogen bonding formed between the A- and B-strands, the
" " 9 fz?‘ _ E- and D-strands, and the C- and G-strands. Some main chain
: ) hydrogen bonding was lost between the B- and E-strands
' 4 late in the low-pH trajectory of the B conformer from 15 to
' : 25 ns. Residues 4346 in the C-D loop of the native
o/

conformation formed a nonnativesheet with residues 38
Neutral pH (25 ns) 40 of the C-strand (Figure 1C). If this new strand(b the

loop between the C- and D-strands) extended, it could present
a novel strand interface for self-assembly into amyloid, with
a very nativelike topology (ABE and 'BFG). A similar
strand extension (IZFG) was observed in MD unfolding
simulations off3zm by Ma and Nussinov3l).

Thermal Unfolding at Low pHA.m lost most of its
nativelike tertiary structure in 0-51 ns at high temperature
such that the period of time from 1 to 3 ns represents acid-
denatured conformations in all 18 unfolding simulations. To

Low pH (25 ns) identify putative unfolding intermediates, we have used an
FIGURE 1: Simulations offm at 310 K. (a) Crystal structure in  all-versus-all G rmsd clustering of the structure33-35).
ribbon and main chain modes for the CB&heet and the ABED ~ The distance between points in a three-dimensional (3D)
ﬁ'sheet. Residues 4%5 on the D-strand are colored red in the reduced representat|on approx|mates the actl&arr&d

ribbon model. These residues exhibit NMR evidence of confor- . .
mational exchange at neutral pH and increased backbone dynamic etween the structures. Thus, points that cluster in such a

upon binding of C&* (13). (b) Final 25 ns structure from the neutral  'epresentation are necessarily similar and can be used to
pH simulation of the B conformation. Normglsheet structure is  identify conformational ensembles and transitions between

maintained over CFG- and ABE-strands. A standgrhulge them @5). The majority of the most similar cross-peaks in
structure is formed over residues-934 of the F-strand and residues  the ¢, rmsd comparison formed very early in the unfolding

65—68 of the E-strand. (c) Final 25 ns structure from the low-pH . .
simulation of the B conformationa-Sheet structure forms over trajectories, from 0.1 to 0.5 ns (not shown). However, there

residues 510 (A-strand), 24-28 (B-strand), 3640 (C-strand), were also such cross-peaks occurring late in the trajectories
42—45 (D-strand), 53-56 (D-strand), 66-64 (E-strand), and 77 from 2 to 3 ns, where the conformations were significantly

83 (F-strand). unfolded. Therefore, for each trajectory, we have identified
the major early unfolding intermediate; )| which should

loss of repeatings-sheet structure was localized to the correspond to the late nativelike intermediate observed
D-strand, as well as transient and reversible fraying of the experimentally in the folding direction. On a similar note,
terminal A- and G-strands. We note that our definition for the late unfolding intermediates,)Ishould correspond to
B-structure is based o and y angles, which are very  the early disordered intermediate observed experimentally
sensitive and tend to underestimgteontent in structure  in the folding direction. Examples of early unfolding
that in fact formg-sheet hydrogen bonds. In the simulation  jntermediates ¢) are shown in Figure 2, and the time periods
of the A conformation at 310 K and neutral pH, the D-strand over which the intermediates were populated are given in
became partially unstructured and adopted a conformationTable 1. The later intermediates were more difficult to
similar to that of the B conformer. Therefore, the D-strand pinpoint because of increased heterogeneity, so the entire
is partially unstructured in neutral-pH simulations indepen- 1—3 ns time period was used to represent the late unfolding
dent of the starting structure. intermediates.

Experimentally, 28 residues are strongly protected from There was considerable structural similarity between the
exchange with solvent in hydrogen exchange experiments18 early unfolding intermediates;(I The majority of these
at pH 7 (L1). We can compare our 25 ns control simulation intermediates retained nativelike tertiary structure in the B-,
at neutral pH with these data; however, the comparison to E-, F-, and C-strands, similar to the most stable regions of
hydrogen exchange data is necessarily indirect, as ourthe protein in the simulations at 310 K. Thadtermediates
simulations do not allow for the making and breaking of were split into two classes, those that had nativelike tertiary
covalent bonds. Instead, we monitor the extent of interactionsstructure and hydrogen bonding between the B- and E-strands
between the protein’s amide hydrogens and solvéat (f and those that had nativelike tertiary structure and hydrogen
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Table 1: Average Number of Protein Contacts in Nativelike |
Intermediate®

Iy time period no. of native no. of total

intermediaté (ps) contacts contacts  topology

Al 155-205 131 192 BE

A2 240-475 136 216 FC

A3 110-230 173 245 BED

A4 205-360 149 221 FC

A5 175-330 131 192 ABE

A6 60—135 223 268 BED

A7 160—-260 172 232 BE, FC

A8 270-405 126 194 FC

A9 165-280 168 239 FC

Al10 315-420 130 218 ED

All 75-180 196 243 FC

Al2 165-300 166 229 BE

Bl 135-210 201 253 BED

B2 140-275 155 227 AB, FC

B3 160-250 181 247 BE

B4 265-410 128 205 BE

B5 255-415 191 229 ABE

B6 195-305 169 239 BE

a2 Two residues were considered to be in contact if heavy atoms were
within 4.6 A of each other, or within 5.4 A for pairs of aliphatic carbon
atoms. The average numbers of native and total contacts are calculated
for each time period that defines an intermediate. The native structure
of the A and B conformation contains 337 and 349 contacts,
respectively? Name of the simulation intermediate or ensemble of
intermediates® Simulation time period defining the early unfolding
intermediated Topology, or major strand interactions in the nativelike
intermediates.

0 to 8 M with TH—'N NMR (36). Under these solution
conditions, this intermediate represents the dominant con-
formation, and the HN resonances of 11 residues are strongly
resistant to urea denaturation at pH 3.6, with a midpoint of
4.5 M. To qualitatively compare our putative intermediate
structures with this residue-specific experimental information,
the number of intraprotein contacts made per residue was
calculated for each trajectory, and in particular, the numbers
of contacts in { and b were determined (Figure 3A). The
regions with the largest changes in the number of contacts
map to the residues with the largest midpoint of denaturation,
the B-, E-, and F-strandS6) (Figure 3B). In the majority
of the | intermediates (15 of 18), the A- and G-strands were
unstructured. In general, the intermediates with more exten-
sive hydrogen bonding between the B- and E-stands had
B1( F) B6( £) more native and total protein contacts than the intermediates
FIGURE 2: Representative early unfolding intermediateg3gh. with hydrogen bonding in the F- and C-strands (Table 1).
These intermediates were identified from 18 independent unfolding When the 18 early intermediates are sorted by average
trajectories at 498 K. A crystal structure (PDB entry 1lds) is shown nymper of total protein contacts, the top four intermediates
s s o i emon O3 S50 all have residual stucture i the B- and E:-sirands. Three of
B-sheets anda-sheets are shown with ribbons. Next to the the top four intermediates have hydrogen bonding between
intermediate name, the major elements of residual structure arethe B-, E-, and D-strands, although in some cases it is through
denoted in parentheses. B-sheet and in others-sheet. A greater number of molecules
may unfold through an intermediate with residual structure
bonding between the F- and C-strands. Of the 18 intermedi-in the BE-strands if they have more total protein contacts
ates, 11 fell into the first category and seven in the latter. than intermediates with residual structure in the FC-strands.
One intermediate (A7) fell into both categories. Another Therefore, MD-generated intermediates with residual struc-
exception was the A10 intermediate, which haesheet  ture in the BE-strands appear to be the most reasonable
structure over the E- and D-strands. structural models to represent the experimental data for the
Comparison of the Early Unfolding Intermediate)(lvith I, intermediate §6). a-Sheet structure was observed in
NMR Data.The conformational properties of the nativelike several of these intermediates over the BE- and BED-strands
intermediate 41 have been studied experimentally by equi- (Figure 3C).a-Sheet formation in these strands may also
librium urea denaturation by monitoring the NH resonance provide an additional explanation for the high resistance to
intensity as a function of increasing urea concentration from urea denaturation for the B- and E-strands (Figure 4).
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Ficure 3: Properties of the unfolding intermediates. (a) The average o ) )

number of contacts per residue m(tolored b|ack) Compared to FIGURE 4: Nat|Ve||ke Intel’me(_Zilate ﬂ W|th (I'Sheet StI’UCIUI_’_e over

I, (colored red). (b) The difference between the average number the BED-strands. (a) The residues with the greatest stability to urea
of contacts per residue ”1 and b is shown as a red line. The denaturat!on at pH 3.6 are hlghllghted with blue circles on the
midpoint of urea denaturation measuredbl-15N NMR (36) is monomeric crystal structure (PDB entry 11d8p). (b) These same
shown as a bar for each residue. The greatest change in contactdmides shown on a representatiyedsheet structure, A3. A single
between { and b maps to the B- and E-strands, and these are more Peptide plane flip of the amide plane of residue 67 leads to a
stable to urea. (c) Residuakextended chain structure averaged continuousa-sheet structure from residue 62 to 68.

over the entire ensemble of 18 independent unfolding trajectories. — . .
The percentage of time that there is persisterextended chain  Structure, exhibiting the characteristic alternatiorugfand

structure in the backbone is colored red. The requirement for 0. conformations. The greatest consensus across zthe |
persistence was that at least four residues had to exhibit theintermediates was the proximity of extended conformations
characteristic alternation between thg and o, conformations, for residues 2640, particularly the B-strand, and residues

independent of the registep. and y angles were required to be - . ) ) . :
within +30° of the following: 45 and 92 for ag and—87° and 59-79, comprising the E- and F-strands and the intervening

—49° for a, respectively. Amyloidogenic peptides determined residues, which we denote @Figure 5). A large population
experimentally are shown as black baB8{43). of residuala-extended chain conformation was observed in

the region of residues 730 and 706-82, even though the

Characterization of Disordered Intermediate While the ~ Structure was very disrupted. There was also significant
18 early unfolding intermediateswere similar by G rmsd hydrophobic clustering of side chains between these two
(7.3 + 1.6 A) and remained roughly nativelike, the late Fegions, WhICh contributed to the stability of the elongated
intermediates ¢) were more varied, but some were similar  Intermediates.
in overall shape and topology. Nine of the late intermediates
adopted an elongated loop structure, with the disulfide and DISCUSSION
the terminal strands at one end and the residues comprising The Natve State off,m Is Highly DynamicAt 310 K,
the D-strand at the other (Figure 4). The disulfide added a the larger G rmsd of the low-pH simulation compared with
significant restraint to the unfolded conformations, thereby that at neutral pH was expected, as pH perturbation alone
contributing to the gross similarity of these late intermediates. (below pH 4.7) is sufficient for the formation of the nativelike
Given the difficulty in precisely clustering these conforma- partially unfolded state {) (13). The regions of the sequence
tions, the +3 ns time period of the 18 trajectories was with the lowest G rmsd were comprised of the B-, C-, E-,
pooled to create a 36 ns (180 000 structures) ensemble forand F-strands, which are thought to remain partially struc-
the late unfolding intermediate. Figure 3A shows the average tured in the nativelike lintermediate 11, 37). The D-strand
number of contacts formed per residue in this ensemble. Thehad the largest £rmsd and the largest rms fluctuations at
greatest number of hydrophobic contacts was in regions both neutral and low pH. In neutral-pH simulations of both
defined by residues 2241, 62-70, and 78-84. Figure 3C the A and B conformers, the D-strand was very dynamic
shows the ensemble average of residwadxtended chain  with significant fluctuations from the native conformation.

Native-like Intermediate I,
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Late Unfolding Intermediate I, binding Cé#* in the pH range of 6.57.0. This observation
is consistent with thermal denaturation studiegmf in the
r /@, presence and absence of?Cuwhich indicate tha,m is
g > more destabilized by binding of Guat pH 7 than at pH
\,?_/i f, 6.5.3,m presumably has a higher affinity for uat pH 7
>3 due to the change in the binding site.
During the titration with C&", steady state'H—°N
heteronuclear NOEs were used to monitor restricted back-
R bone motions on the picosecond to nanosecond time scale
~ H\L y — after considering the paramagnetic contribution of thé*Cu
i "?cc ! —~ \ ion. Of the three residues involved in €winding at pH 7,
) i—l‘?\%\;ﬂ Pl - \ the residues near His51 (residues-48%) showed the largest
5 3 N ) o~ increase in backbone dynamics. The authors suggested that
Q 1"\" L a( this specific effect on protein dynamics may be because
His13 and His31 are located at the end gi-atrand and in
a loop, respectively, whereas His51 is in the center of a
solvent-exposegs-strand. The authors conclude that the
,.(L ;"'1--1 D-strand (residues 49%65) becomes more dynamic upon
oS N J_/‘ ™~ pPat binding of Cé#" at pH 7. This partial unfolding of the
) _‘ e AT N D-strand may contribute to the population of nativelike
G Ve e o — 2 intermediate 1, and the accumulation of fibrils under
/__J\,} REE A physiological conditions. Even in the absence of Cat pH
- 7, the D-strand was the least protecfedtrand in hydrogen
B1( F) B4 ( F,F) exchange experiments, suggesting conformational exchange
FIGURES: Representative late unfolding intermediatgsdf 5,m. in the neutral-pH native state. Therefore, our MD results are
These iﬂtermeggiées ngreri]d;nf}tsifigfdrggi? uﬁ;ﬂgglpz?ggﬂtrgrgggding in agreement with the NMR evidence for structural hetero-
trajectories at . H
a-clextended chain structugre are shown as ribbons. Residu€s549 ge_?ﬁltyNOft.thlng_lsirand'd. ¢ tL H.Th iorit
on the D-strand are colored red. € Natvelike Intermediate @) a -OW pH. The majority
of the identified | unfolding intermediates retained nativelike
The conformation of the D-strand is the most significant tertiary structure in the B-, C-, E-, and F-strands, similar to
difference between the crystal structures of the monomeric the most stable regions of the protein in the 310 K, neutral-
(23) and MHC-1-bound forms24). The largest region of  pH simulations. The il intermediates were split into two
rms deviation between the NMR structu¥) (pH 6.6) and classes, those with nativelike tertiary structure and hydrogen
MHC-1-bound crystal structure is for the -© loop, bonding between the B- and E-strands and those with
D-strand, and B-E loop (residues 4148 and 56-62). The retention of structure between the F- and C-strands (the 310
D-strand appears to undergo slight rearrangement uponK, low-pH simulations fell into this category). The BE
binding with the MHC-1 molecule and to be partially intermediates were more populated in unfolding trajectories
disordered in the monomer structure. NMR data for the and had a larger number of total protein contacts than the
monomer at pH 6.6 and 310 K reflect structural dispersion FC intermediates. The extent of tertiary structure sl
over residues 53, 54, and 581, consistent with confor-  consistent with the results from equilibrium urea denaturation
mational exchange along the D-strand, as well as unstableexperiments36). The B- and E-strands exhibited the largest
hydrogen bonding between the D- and E-strar88. ( difference in the number of contacts by MD betweeard
In the absence of Ct at pH 7, the D-strand is the least I,, as well as the greatest stability against urea denaturation
protecteds-strand in hydrogen exchange experiments, even at pH 3.5 86), suggesting that thg Intermediate at pH 3.6
compared to some amides on the terminal A- and G-strandshas residual structure in the B- and E-strands. The B-, C-,
(11). We have compared our 25 ns control simulation at E-, and F-strands have been mapped to amyloidogenic
neutral pH with the experimental hydrogen exchange data peptides 88—43); however, only the B- and E-strands have
at pH 7. Our simulation results are in good agreement with been mapped to minimal peptides spanning just a single
the experimental observation that the D-strand has the lowesi3-strand. A peptide spanning both the B- and C-strands
protection factors of any of the strands. On average, the (residues 2641) is amyloidogenic 39, 40), as well as a
amide hydrogens of residues 495 on the D-strand  peptide derived from only the B-strand (residues-2Q)
interacted with solvent 75% of the simulation time, compared (41). A peptide spanning the E- and F-strands (residues 59
with 3% for residue 8 on the N-terminal A-strand, anre2¥o 79) is also amyloidogenic3@). These amyloidogenic se-
for residues 91, 92, and 95 on the C-terminal G-strand.  quences map to the regions of higfsheet structure content
There is also NMR evidence for increased backbone (Figure 3B). In nativelike unfolding intermediates with a
dynamics in the D-strand upon binding of Cwat pH 7 (1). BED-strand topologyg-sheet structure exhibits a left-handed
Three of four histidine residues (His13, His31, and His51) twist like normalj-sheets. Previous three-strandedheet
are involved in C&" binding at pH 7, while only two of  structures observed in similar simulations of transthyretin
these residues (His13 and His31) are involved irt"Cu were very flat, rarely with more than & 2otation between
binding at pH 6.51H—N HSQC spectra recorded at pH strands 21, 22). It is possible that the twisted-sheet
6.2, 6.5, and 7.0 show a pH-dependent peak shift for only structure over the BED-strand contributes to the curved fibril
His51, indicating that His51 is deprotonated and capable of morphology.
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Disordered Intermediate {) at Low pH.Several of the

Armen and Daggett

Our low-pH results at 310 K show th@km can form

late intermediates contained an elongated loop structure, witha-sheet in the A-F-strands, and therefore, self-assembly
the disulfide and the terminal strands at one end and thethrough ano-sheet intermediate may be possible in a very

residues comprising the D-strand at the other (Figure 4A).

The intact disulfide bond is necessary for fibrillizatich{-

46). Consistent with the need for some structure in amy-
loidogenic precursors, transthyretin only forms amyloid
fibrils from the nativelike intermediate, not its acid-induced

nativelike topology (Figure 6A). However, two distinct
partially unfolded intermediates have been implicated by
experiment to be the precursors to different fibril morphol-
ogies (L5). We propose thadt-sheet andx-extended chain
structures facilitate self-assembly in these two partially

denatured state or molten globule state, but its unfolded stateunfolded prefibrillar amyloidogenic intermediates (Figure
is presumably less structured due to the absence of disulfide6A,B). In our unfolding simulations,; lwas very nativelike

bonds 47). Many of the MD-generated late intermediates
of fom had nonnative helical structure in different positions

with hydrogen-bondedn-sheet structure in the B- and
E-strands. The late unfolding intermediate was significantly

along the sequence: there was a greater than average helicahore disordered, but maintained an extended elongated

content over strands-BF. This observation is in agreement
with chemical shift deviations of the denatured state at pH
2.5 measured by heteronuclear NMA®Y. In particular, the

structure, with the proximity of the B- and F-strands due to
the constraint of the disulfide. Even though the late unfolding
intermediate was very disordered, it retained residuak-

C- and E-strands display the greatest helical content by bothtended chain backbone configurations in the B- and F-strands,

MD and NMR, as measured by chemical shift deviations
for 13C, and'3CO and by?Jyne coupling constantSdnne <
4 Hz) @5).

Ma and Nussinov 31) also observed nonnative helical
structure in their MD simulations gf.m, and they argue
that amyloidogenesis proceeds yiaa—f transitions. In

contrast, both the MD simulations presented here, and similar

which have both been mapped as amyloidogenic peptides
(38—43). We propose that amyloid formation occurs in the
late intermediate through residualextended chain confor-
mations in these highly disordered states, possibly through
an intermoleculan-sheet involving regions afi-extended
chain (for example, residues-140 and 59-82) (Figure 6C).
Since many non-disease-related proteins form fibrils under

work on disease-associated variants of lysozyme (manuscriptextreme conditions, it has been proposed that essentially any
in preparation), suggest that helical structure does not directlysequence can form amyloidl9). However, there is also

nucleate amyloid fibrils. It is more likely that amyloid forms
from extended conformationg;strand conformations, poly-
(proline) Il structure, andi-extended chain. Instead, transient
formation of helix is more likely to be protective against
amyloid formation.

The greatest similarity between the late intermediatgs (I
was the proximity of extended conformations for residues
26—40, comprising the B- and C-strands, and residues 59

evidence for sequence preferences for amyloid formation,
and a number of studies investigating peptideg.ofi have
shown that some of these peptides are amyloidogenic while
others are not, at least under the conditions that were
investigated. In a systematic peptide scanning study probing
the severg-strands, only two peptides were amyloidogenic,
both of which cover the E-strand (residues-5d and 59-

79) (38). Another study found two amyloidogenic peptides

79, comprising the E- and F-strands (Figure 4). The largest (residues 2641 and 206-31), both containing residues from

population of residual-extended chain conformations also

the B-strand §9—41). Also, a peptide spanning the C-

corresponded to these regions. Interestingly, these regiongerminal F- and G-strands (residues—88) is amyloidogenic

of the sequence exhibit higher propensities for amyloid

(42), as well as a shorter peptide in this region (residues

formation than other regions of the sequence (Figure 3C) 83—89) (43). Residues 8389 are different in the human

(38—43). The greatest number of hydrophobic contacts in
the late unfolding intermediate was in residues-42, 62—

and mouse proteins, and interestingly, the human protein

forms amyloid while the mouse protein does n&8)( When

70, and 7884. These observations are in qualitative the human residues are engineered into the mouse protein,

agreement with receftN transverse relaxation experiments
on the unfolded state ¢gf.m at pH 2.5 17), which provide
evidence for two persistent hydrophobic clusters involving
residues 2951 and 5779.

Proposed Mechanism for Self-AssemiMye have pro-

it then forms amyloid42). Thus, there are specific sequence
preferences to amyloid formation if.m. It has been
proposed that segments corresponding to amyloidogenic
peptides may contribute to the nucleation of protginotein
interactions during aggregatio8g, 40, 42). In the regard,

posed that as an amyloidogenic protein unfolds under mildly it is interesting to note that there are similarities between

acidic conditions,a-sheet facilitates self-association into
amyloid protofibrils @1, 22). According to a dipole assembly
model @8), proteins build up a molecular dipole upon

encountering low-pH conditions. We postulate that as the

molecular dipole builds, individual peptide groups undergo

the B-, E-, and F-strands: they have the greatest number of
protein contacts in both land b, and they contain residual
o-extended chain structure.

Full-length3.m fibrils yield strong 4.8 A meridional and
11.7 A equatorial reflections by X-ray fiber diffractiodg).

peptide plane flips and become aligned with the overall A two-strandeds-sheet was the best fit to the data as the

molecular dipole to form am-sheet. Partial charges from

repeat for thes.m fibril (35). On the basis of these results,

the a-sheet polypeptide backbone create two complementarylvanova and co-workers proposed a model in which the core
charged interfaces for self-assembly. Once the soluble of the fibril is formed by the F- and G-strandé3. In the

protofibrils are formed via aro-sheet intermediate, the
transition froma-sheet tg3-sheet may become increasingly
more favorable as the protofibrils move from the cytotoxic

MD-generated 1l intermediates, the F-strand was mostly
disordered and did not form a hairpin with the G-strand. The
hairpin was not present in the late intermediates either.

soluble phase to the insoluble more highly ordered amyloid Nevertheless, both the G- and F-strands exhibited residual

fibrils (21).

o-extended chain conformations ip Which may explain
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Ficure 6: Proposed mechanism for self-assembly/fgn through aru-sheet intermediate. (a) Assheet forms extensively at low pH in
the native topology, fibrils may form through an intermediate with a native or nativelike topology (CFG, ABEIBGD ABE). (b) The

I, intermediate may form intermolecular interactions through persistestteet structure. An example with residual structure in the B- and
E-strands is provided. (c) The intermediate may form intermolecularsheet interactions through persistenextended chain structure

in the disordered state. Significant structural rearrangement may occur after the formation of the initial intermolecular interactions.

why they together form an amyloidogenic peptid&2)( and F-strands have all been mapped to amyloidogenic
perhaps via intermolecular interactions rather than formation peptides 88—43). Although most late intermediates did not

of an intramolecular hairpin. The G-strand alone is not exhibit directo-sheet hydrogen bonding between the B- and
amyloidogenic 88). Our model for the self-assembly of both  F-strands, it did occur. The topology of this intermediate was
I, and b (Figure 5) is in reasonable agreement with the unexpected, and demonstrates that hydrogen bonding be-
interpretation of the X-ray fiber diffraction pattern, namely, tween the B- and F-strands is possible in the denatured state,
that a two-stranded sheet is the most likely core repeat for even though these strands are on opposite sides of the native
the .m fibril (43). We propose that fforms fibrils primarily B-sandwich.

via the B- and E-strands (or BED-strands) and th&bims Our proposed model for self-assembly is also consistent
fibrils primarily through the B- and F-strands. The B-, E-, with proteolysis and hydrogen exchange experimengsrof
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fibrils. Full-length 8.m is the most common component of
ex vivo fibrils; however, up to 30% of the protein in the
fibrils is composed of two truncated forms resulting from
cleavage at residues 6 and 180). Fibrils grown in vitro

can also be proteolyzed at residues 87, 91, 96, and 98, leaving

an intact protease-resistant core comprised of residues 20
87 (51). This finding suggests that the A- and G-strands are

not incorporated into the mature fibrils. A hydrogen exchange 15.

study of Bom fibrils is in agreement with this observation:
these are the only strands not significantly protected in fibrils
(52). However, additional hydrogen exchange studigs,of
fibrils indicate that the G-strand is sometimes protected from
exchange, and therefore may be incorporate®). (These

studies reveal a large degree of heterogeneity and that specific
residues in the polypeptide chain are not always in the same

chemical environmentQ). This heterogeneity within amy-
loid fibrils of the same morphology is unexpected from the
conventional view off-sheet self-assembly. An-sheet

intermediate model may explain the heterogeneity. The initial 19

self-assembly interface may be more specific for the
backbone, and the spatial requirementsfesheet hydrogen
bonds are not as strict as for formation/structure; i.e.,

alternate registers are more easily accommodated. Therefore,
an a-sheet mechanism for self-assembly may explain how

building blocks of slightly different topologies add to the

same protofibril and contribute to heterogeneous chemical

environments for individual residues in the polypeptide chain.
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