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ABSTRACT. Amyloid and prion diseases appear to stem from the conversion of normally folded proteins
into insoluble, fiber-like assemblies. Despite numerous structural studies, a detailed molecular characteriza-
tion of amyloid fibrils remains elusive. In particular, models of amyloid fibrils proposed thus far have not
adequately defined the constituent protein subunit interactions. To further our understanding of amyloid
structure, we employed thiol-specific cross-linking and site-directed spin labeling to identify specific
protein—protein associations in transthyretin (TTR) amyloid fibrils. We find that certain cysteine mutants
of TTR, when dimerized by chemical cross-linkers, still form fibers under typical in vitro fibrillogenic
conditions. In addition, site-directed spin labeling of many residues at the natural dimer interface reveals
that their spatial proximity is preserved in the fibrillar state even in the absence of cross-linking constraints.
Here, we present the first view of a subunit interface in TTR fibers and show that it is very similar to one
of the natural dimeric interchain associations evident in the structure of soluble TTR. The results clarify
varied models of amyloidogenesis by demonstrating that transthyretin amyloid fibrils may assemble from
oligomeric protein building blocks rather than structurally rearranged monomers.

The term amyloid refers to stable, insoluble, rod-like fibrils

resulting from the extracellular deposition of normally soluble @
proteins, or fragments thereofl)( The self-assembly of
alternative conformations of proteins into fibrillar form is
strongly implicated in a variety of neurodegenerative disor-
ders, including Alzheimer’'s disease and prion-related en-
cephalopathies 2(-4). Despite the absence of sequence
similarity among the growing family of amyloidogenic
proteins, fibrils from different sources appear to share some
structural propertiesj. The main feature is a common core i

structure in which continuoys-sheets lie parallel to the long . ) o i
axis of a fiber, while their constituegfstrands run perpen- ~ F'GURE 1. *Crossg” model of amyloid fibrils. A variety of
amyloids share a common morghology, presented here as a rod-

dicular to this axis (Figure 1). Although widely studied by g structure approximately 100 A in width and of indefinite length.

electron microscopy, solid-state nuclear magnetic resonanceCurrent models of amyloid fibrils invoke a core of extenglesheets

and X-ray fiber diffraction, finer structural details remain organized such that the sheet is parallel to the long axis of the fiber,

unclear because of the noncrystallinity and the insolubility ‘L'lVE';t)h \t/f;eri 832Srﬂtc?degg-zgfr%?dv?/it%eiggggtlzctutlgrtrtl?a t::jsrn%é'f%f;heets

?}: am]}"o'ﬁ- In par]EIfCU|a(‘jr’mede|S|0f Em}”o'(.jt.ﬂblm.s fpropots_ed cor.nposing this core, and the distinction between a parallel or
us far have suttered Irom a lack of critical Information  gniparallel arrangement of strands.

about how individual protein subunits contact each other in

an assembly.

Amylold Filament

The protein transthyretin (TTRaNd its associated human
amyloidoses have served as a model system for amyloido-
genesis. In plasma and cerebrospinal fluid, the physiologi-
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neuropathy. TTR fibers that form in vivo can be replicated
in vitro under acidic, partially denaturing conditions, perhaps
mimicking those inside a lysosom8)( Extensive biochemi-
cal and biophysical studies by Kelly and co-workers have
illuminated some of the mechanistic details of TTR fibril
formation @—12). At low pH, the native tetrameric structure
of transthyretin appears to dissociate to a monomeric
amyloidogenic intermediate having a defined but non-native
tertiary structure capable of self-assembly in vitro. The
assembly of protein subunits into mature amyloid fibrils
could also involve intermediate structures of increasing
complexity (L3—16).

In one popular model, an individual protein chain acts as
the building block of TTR fibersX7). However, the three-
dimensional structure of soluble TTR hints at an alternative
mechanism. In Figure 2B, the dimer appears to contain two
intermolecular eight-strandeggsheets, CBEFE'B'C' and
DAGHH'G'A'D’, consistent with the continuoy$-sheets
envisioned for amyloid. The semblance of continuous
intermoleculars-sheets suggests that some aspects of the
natural dimeric association could be retained in the fibrillar
form. The possibility that TTR fibrils could be built from
dimeric building blocks was recognized by Blake and Serpell
(18). Recently, Eneqvist and co-workers have suggested that
a tetramer (a dimer of dimers) may be the building block of
transthyretin amyloid fibrils, based on molecular packings
observed in the crystal structure of a highly amyloidogenic
variant of TTR (9).

Although various models have been proposed for tran-
sthyretin fibers, none have adequately defined the interactions
between TTR subunits in the fibrillar state. We asked two
guestions to address whether the natural dimer interface is
at least partially conserved in TTR fibrils. Are certain
chemically cross-linked, dimeric forms of TTR able to self-
assemble into amyloid? Can the interchain interactions
known to exist in the native structure be observed in fibers
assembled from nitroxide spin-labeled subunits? In this study,
we provide affirmative answers to both of these questions.
Taken together, the thiol-specific cross-linking and spin-
labeling data suggest that one of the main subunit interaction
types in the fibrillar state is very similar to one of the natural
dimeric interchain associations. On the basis of these results,
FiIGURE 2: Three-dimensional structure of transthyretin (TTR). () W€ Propose a mechanism for fibrillogenesis involving an
Native TTR exists as a tetramer of identical 127-residue subunits, oligomeric intermediate that is either a dimeric building block
each containing extensivé-sheet structure. The ribbon diagram or a multiple of such.
of the tetramer illustrates a dimer of dimers. (B) A view along one
of the three molecular 2-fold axes of symmetry reveals that MATERIALS AND METHODS
monomers dimerize through interchain interactions between both

p-sheets of each monomer. Residues 89 and 96 in each monomer ; ; - )
are labeled for reference; their, @toms are~23 A apart on the Preparation of Cysteine Substitution Mutaritsansthyre

same monomer and7 A apart between subunits. This figure were  tin constructs were generated as described previo@sly (
generated using PDB entry 2PABY) and the program RIBBONS  with some modifications. The overlap-extension polymerase

(50). chain reaction (PCR) methodology was used to introduce
hormones and vitamin A, the latter through a complex with cysteines at specific locations in a mutant of TTR in which
retinol binding protein §). In a condition known as senile  the only native cysteine (residue 10) had been replaced with
systemic amyloidosis (SSA), wild-type TTR changes con- serine. Resulting PCR expression cassettes were cloned to
formation and self-assembles into life-threatening cardiac contain noncleavable amino-terminal polyhistidine (six-His)
fibrils. SSA is a late onset disease, affecting more than 25% tags. Transthyretin constructs were sequenced on both strands
of individuals who are more than 80 years olg.(In the to ensure proper incorporation of cysteine-generating muta-
autosomal dominant disorder familial amyloid polyneuropa- tions. Recombinant TTRs were expresse&gcherichia coli

thy (FAP), a variety of more than 50 single-site variants of [BL21(DE3)] and purified using nickel-affinity chromatog-
TTR deposit systemically. FAP generally manifests at an raphy. Solutions of purified transthyretin protein were boiled
earlier age as a severe sensory, motor, and autonomidn sample buffer?1) and analyzed by SDSPAGE (12.5%
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polyacrylamide gels). The faint bands corresponding to dimer Spin labeling of TTR mutants was carried out as described
are expected given that TTRs run as SDS-stable dimers onin ref 23 and verified by ESI-MS. The electron paramagnetic
gels when samples are unboileld). Purified transthyretin resonance (EPR) spectra of the resulting TTRs, both before
mutants were further characterized by electrospray ionizationand after incubation under fibril forming conditions, were
mass spectrometry (ESI-MS) to ensure proper cysteineobtained to identify dipolar-coupled nitroxide residues if

substitutions.

In Vitro Amyloid Fibril Formation. Stagnant protein
solutions (1 mg/mL) were subjected to fibril forming
conditions (pH 4.4 and 37C) as described previously@)

present. In addition, the percent incorporation of the R1 side
chain was measured after the incubation period and was not
significantly different from that prior to fibrillogenesis. First-

derivative absorption spectra were recorded on a Varian

for 1 week. Incubated solutions were pelleted, washed threeE-109 X-band spectrometer fitted with a loop-gap resonator

times by centrifugation followed by resuspension in distilled
water, boiled in Laemmli sample buffer, and analyzed by
SDS-PAGE as described above.

Light scattering was used to monitor amyloid fibril
formation as a function of time. Optical density (OD)

(24). Spectra were collected at room temperature—2®

°C) by signal averaging 16 scans over 200 G (E®@.1

mT) using a microwave power of 2 mW and a modulation
amplitude optimized to the natural line width of each
individual spectrum. Portions of samples presumed to contain

measurement at 330 nm in a standard UV cell was carriedfibers, purified by three cycles of washing, were also assayed

out on stationary TTR solutions incubated at 7 under
fibrillogenic (pH 4.4) and nonfibrillogenic conditions (pH
7.2) over a time course of 1 week. Solutions of TTRs at pH

by Congo red binding to further ensure the integrity of the
in vitro amyloid fibrils.

Calculation of the Inter-Nitroxide Distancd.o assist in

7.2 did show minor increases in the amount of ||ght scattered a quantitative ana]ysis of interspin distanceS, an approxi_

over the incubation period; however, no visible aggregates mately isomorphous, magnetically silent analogue of R1,

or fibers were detected in any samples under this condition. designated R1was used together with the paramagnetic side
Therefore, the extent of fibril formation was evaluated by chain to obtain EPR spectra in the absence Of-spp‘in

_ interaction as described in r28. The electron paramagnetic
AAOD = [ODpH4-4(t) - ODpH4-4(t0)] - [ODpHY-Z(t) - resonance method for determining the distance between two
ODpH?.Z(tO)]

site-specific nitroxides in the range of-25 A is presented
The solutions were vortexed to equally distribute fibrils, if

in ref 25. Briefly, the EPR spectrum resulting from two
interacting spins is treated as the convolution of the underly-

present, prior to each time poirt).(Samples exhibiting an  ing spectrum (in the absence of magnetic interaction) with
increase iMAAOD were also shown by spectrophotometry a broadening function2f). Here, a dipolar broadening
to bind Congo red and induce a hyperchromic effect and a function is approximated by a weighted sum of distance-
red shift in the absorption maximum of Congo red, an dependent Pak&() functions over a distribution of interspin
attribute diagnostic of amyloid fibrils5j. distances.

Electron microscopy (EM) was used to examine the gross
morphology of putative fibrils. Carbon-coated parlodion RESULTS
support films mounted on copper grids were made hydro- ) o ) )
philic immediately before use by high-voltage, alternating- ~ Formation of TTR Fibrils from Cross-Linked Speci&s
current gIOW discharge_ Samp]es presumed to contain ﬁbr"s’ create stable molecular dimers of transthyretin, mutants of
purified by three cycles of washing, were applied directly TTR were designed with two key points in mind. First, the
onto grids and allowed to adhere for 2 min. Grids were rinsed mutations were engineered to allow for site-specific chemical
with distilled water and negatively stained with 1% uranyl cross-linking between subunits. Second, it was important that
acetate. Specimens were examined in a Hitachi H-7000the mutations not significantly affect amyloidogenesis by
electron microscope at an accelerating voltage of 75 kV. themselves. To satisfy these criteria, we introduced reactive

Thiol-Specific Cross-LinkingChemical cross-linking of ~ Cysteines at specific positions along strands F and H at the
transthyretins using nonc|eavab|e Cross_"nking reagentsnatural dimer interface. These Site'directed mutations af'
(Pierce) was carried out as described previo@@_(TTRs forded covalent dimers of TTR Using several noncleavable,
were exposed to the following sulfhydryl-reactive homobi- thiol-specific cross-linking reagents. As described below, it
functional cross-linkers of differing flexible spacer arm Wwas possible to form amyloid from various cysteine-
lengths: bis(maleimido)ethane (BMOE), with a length of 8.0 pon_taining constructs both before and after forced dimer-
A; 1,4-bis(maleimido)butane (BMB), with a length of 10.9 Ization.
A; 1,8-bis(maleimido)triethylene glycol (BM[PEg)] with Figure 3 shows a mutant in which residues 89 and 96,
a length of 14.7 A; 1,6-bis(maleimido)hexane (BMH), with neighbors in the dimer interface along the F andtfands
a length of 16.1 A; and 1,11-bis(maleimido)tetraethylene (Figure 2B), were both mutated to cysteines (89C/96C). Prior
glycol (BM[PEOQJ), with a spacer arm 17.8 A in length. The to any cross-linking, experiments on the double-cysteine
extent of chemical cross-linking was further determined by mutant were conducted to determine whether the cysteine
ESI-MS, and confirms that cysteines were covalently at- substitutions had affected fibrillogenesis. The double mutant
tached with approximately 75% efficiency. Solutions of formed fibers under the same conditions as wild-type TTR.
TTRs exposed to cross-linkers were incubated to form fibrils As expected, the soluble form of the un-cross-linked mutant
and characterized as described above. protein and its resultant purified fibrils migrate primarily as

Spin Labeling and EPR Measurementfie sulfhydryl monomers under denaturing, reducing conditions (Figure 3).
groups in the cysteine mutants were derivatized with a The mutations appear to have little effect on the rate of fiber
methanethiosulfonate spin-label to form the R1 side chain. formation (Figure 4) or the morphology of the resultant fibrils
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wT 89C/96C to be built almost exclusively from dimers when analyzed
f ' "~ X-linker +X-linker ' by SDS-PAGE under reducing conditions (Figure 3). In
Sol  Fib Sol  Fib Sol  Fib addition to the double-cysteine mutant, the single-cysteine
ped | = 5 mutant 115C, which is at the dimer interface along the H
55.4 - b g ' and H strands, behaves similarly. Besides BMH, other cross-
35- - p .- — D - p ' linkers with spacer arm lengths ranging from approximately
- B 18 to 8 A (BM[PEOQ},, BM[PEO}L, BMB, and BMOE) afford

25— : __ o dimeric TTRs that are fibrillogenic (data not shown). These
1aa . M . . ™M r M - results demonstrate that certain dimeric species, held together
' o by covalent tethers, are competent to form fibers. Evidently,

FIGURE 3: IrreVerslny CrOSS-llnked SpeCieS Of TTR WhICh Self- format|0n of free monomenc TTR |S not an Obllgate Step |n
assembles into amyloid fibrils. Samples of wild-type (WT) and a fibrillogenesis

mutant TTR engineered to contain two cysteines at the dimer
interface (89C/96C) were subjected to SEFAGE before (Sol) Effect of Cross-Linking on FibrillogenesisAlthough
Wi?hafvﬁ[jﬁbr"f%?r}fiﬁéﬁiﬁé%sndgiir;bﬁﬁg er%ﬁgaﬂlfs alri‘gk'\é'retmds- analysis of the cross-linking experiments by SEFAGE
the solublfaygroteins and their resultant fibrils migratie( primaai’Iy as suggests _that dlmerlze_d TTRis _St'" amyloidogenic, the use
monomers (M) under reducing conditions. Cross-linking of the Of cross-linked TTR raises possible concerns over whether
double mutant by BMH £X-linker) yields a stable dimer (D) in  the fibers formed are really genuine amyloid fibrils. To char-
solution. The cross-linked sample forms fibers which, when purified acterize the effect of thiol-specific cross-linking on the rate
and analyzed by reducing SBPAGE, are confirmed to be built oy extent of TTR fibrillogenesis, solutions of wild-type,
predominantly from dimers. . . .
un-cross-linked, and cross-linked variants of TTR were mon-

(Figure 5). Overall, with respect to formation of amyloid in  itored by light scattering over the incubation period. Figure
vitro, the cysteine substitutions seem to be conservative. 4 shows that the rate of self-assembly for thiol cross-linked

The 89C/96C mutant was then cross-linked and incubated89C/96C TTR is similar to that for wild-type and un-cross-
under fibril forming conditions to see if the dimerized mutant linked forms. Although the “lag time” appears to be slightly
was able to self-assemble into amyloid. The double-cysteine €xtended in the case of the cross-linked variant, similar slight
mutant of TTR irreversibly dimerized after exposure to 1,6- Variations in lag time are observed between trials using
bis(maleimido)hexane (BMH), a sulfhydryl-reactive chemical strictly native proteins for fibril formation. In addition, the
cross-linker with a flexible, noncleavable 16 A spacer arm; total mass of amyloid formed (as measured by turbidity) by
ESI-MS confirmed that both pairs of cysteines were co- cross-linked 89C/96C TTR is not significantly different from
valently attached by two BMH linkers (data not shown). The that formed using wild-type or un-cross-linked TTR. This
cross-linked double mutant formed fibers under the same suggests that although chemical cross-linking of TTR may
conditions as native and un-cross-linked mutant TTRs. mildly perturb the kinetics of amyloid fibril formation it does
Moreover, fibers derived from the 89C/96C mutant appear not alter the extent to which fibers are formed.
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Ficure 4: Chemical cross-linking of transthyretin has a negligible effect on the rate of fibrillogenesis. Light scattering was used to monitor
fibrillogenesis as a function of time for (A) the wild type, (B) un-cross-linked 89C/96C, and (C) cross-linked double-cysteine mutant TTR.
The extent of amyloid formation is expressedasOD, the difference between the change in optical density from an initial time point at

pH 4.4 and the baseline change in optical density under nonfibrillogenic conditions. Error bars are calculated as the standard error of the
mean ( = 3).
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Ficure 5: Chemical cross-linking of transthyretin has a negligible effect on the morphology of resultant fibrils. A comparison of electron
micrographs of immature fibrils derived from (A) wild-type, (B) un-cross-linked, and (C) cross-linked transthyretin reveals amyloid of
similar morphology. The scale bar is 500 A in length.
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To further ensure their integrity, fibers derived from certain Soluble State Fibrillar State
cross-linked mutant TTRs were evaluated for standard dye r(A) r(A)
binding and morphological properties of amyloid fibrils. The | - )‘ ]
suspensions of purified fibers derived from wild-type, un-
cross-linked, and cross-linked mutants of TTR were able to
bind Congo red, which is characteristic of amyloid. Further-
more, the candidate fibrils were examined by electron 89C —NA é
microscopy (EM). Figure 5 shows that the morphologies of [ :
fibers derived from wild-type, un-cross-linked, and cross-
linked 89C/96C TTRs are indistinguishable. Moreover, this

—

85C —/‘|j\|rw— . r -

morphology is no different from that typical of immature 900 —ﬂx'l
transthyretin amyloid fibrils, or protofilaments, as reported

by others 11, 16, 28). It appears that cross-linking of TTRs

across specific residues in the dimer interface has a negligible

effect on the resultant fibrils. These results demonstrate that

i I1
_ _ - —_—n -
an oligomeric arrangement of TTR held together by covalent sac V { ‘J :

tethers can yield fibers representative of transthyretin amy-

loid.

Identification of a Dimeric Subunit Interface in Fibrils 96C —»'|.(1- — . J\f‘ (-
To further demonstrate the presence of dimeric building r Fr_ ﬁ
blocks in fibers, site-directed spin labeling (SDSL) studies
were undertaken to see if certain residues at the dimer | :
interface remain in proximity in the fibrillar form without 83C ——/Jlijrf,—— . 2 |Ur_ﬂf— -

using chemical restraints. Here, we report a comparison of 96C
the electron paramagnetic resonance (EPR) spectra of o . .
mutants of TTR with spin-labels incorporated at the natural FIGURE 6: Site-directed spin labeling of soluble TTRs and

dimer interface. recorded before and after fibril formation transthyretin amyloid fibrils. In the soluble state, the spin labeling
’ ' _data are in good agreement with the crystal structure of TTR. As

In addition, a quanti_tative analysis of inter_spin _diStanceS was expected, the first-derivative absorption EPR spectra of the single-
undertaken by relating EPR spectra obtained in the presenceysteine TTR mutants 89C and 96C show no evidence of interacting
and absence of spirspin interactions. Given the dramatic  spins. In contrast, the spectrum of the double-cysteine mutant 89C/
broadening of resonance lines and the decrease in signap6c exhibits dipolar broadening prior to fiber formation, as

. . - - . . expected. The calculated inter-nitroxide distaneggifor to fibril
amplitudes resulting from interacting spirg9), an estimate 5ot correlate with known crystallographic data. The spectra

of interspin distances could be made on the basis of agptained from purified fibers (formed from spin-labeled mutants)
simulation of the broadened spectra assuming dipolar show spir-spin interactions that are similar in magnitude to those
coupling @5). seen in the soluble state. In particular, for mutants 94C, 96C, and
. . 89C/96C, the distances between nitroxides on corresponding

The EPR spectra of spin-labeled mutants of TTR in the residues from different subunits remain largely unchanged. An
soluble state (prior to fiber formation) were obtained to analysis of mutants 85C and 89C, before and after fibril formation,

confirm that spir-spin interactions could easily be detected shows that the inter-nitroxide distances may be even shorter in the
across the dimer interface. The broadening of EPR spectraﬁber than in solution. This supports the idea that the natural dimeric

f | tants identifi h ted tural di interface is preserved, if not somewhat strengthened, in the fibrillar
or several mutants laentiies the expected natural dimer ¢,y The spectra of fully labeled (black) and magnetically dilute

interface interactions (Figure 6). Broadening due to spin (red) samples are normalized relative to first-derivative amplitudes.
interaction causes a drop in amplitud8,(25, 29). If the Spectra were acquired at room temperature over 200 G as described

first derivatives of the absorption spectra are normalized to in Materials and Methods.

the same amplitude as shown in Figure 6, broadening is most EPR spectra were then repeated on suspensions of fibrils
visible as an apparent increase in the outer resonance lindormed from these spin-labeled mutants to see if the-spin
intensities of fully labeled (black spectra) versus magnetically spin interactions across the natural dimer interface of soluble
dilute (red spectra) samples. Prior to fiber formation, the TTR were indeed preserved in the fibrillar state. The spectra
spectra for the single-cysteine mutant 90C reveal strongof the TTR mutants in fibrillar form also clearly illustrate
spin—spin interactions. This translates to a short interspin dipolar-coupled spins (Figure 6). Although the spectra
distance, as expected due to its location on the F dnd F obtained before and after fibril formation differ in detail,
strands (Figure 2B). The interspin distances calculated for the inter-residue distances remain largely unchanged for
other residues along the F strand (89C, 94C, and 96C) aremutants 94C, 96C, and 89C/96C. Unfortunately, analysis of
larger than that for residue 90. This is expected since thethe inter-nitroxide distance in the fibrillar state for TTR
2-fold axis of symmetry is close to residue 92; TTR mutant mutant 90C was not possible given its inability to form
92C could not be spin-labeled due to its proclivity for amyloid fibrils once it is spin-labeled. Given that the interspin
spontaneous disulfide bond formation. In addition, strong distance for mutant 90C correlates with known crystal-
interactions are observed for the double-cysteine mutant 89C/llographic data prior to fiber formation, it is unlikely that spin
96C. According to the three-dimensional structure of soluble labeling has grossly perturbed the native structure of the
native TTR (Figure 2B), this interaction stems from 89R1 mutant of TTR. However, the presence of nitroxides at
on one subunit coupled to 96R1 on the other subunit in the position 90 may result in a steric clash between subunits
dimer. under fibrillogenic conditions, thereby making spin-labeled

4 ———"A

0 10 20 =30 0 10 20 =30
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TTR mutant 90C unfit to form amyloid. Nonetheless, the not yet clear. While both short and long covalent tethers were
preservation of most spirspin interactions provides further  used, we cannot disregard the likelihood of considerable
evidence that, in the fiber, the symmetry-relgtestrands F structural changes in the native structure during fiber
and F of the dimer interface are still in proximity. In  formation. Nonetheless, whatever conformational changes
addition, novel interactions are gained upon fibril assembly, occur, it seems clear that they can be accommodated within
as can be seen from the decrease in inter-nitroxide distanceghe constraints of a dimeric structure whose interface is
determined for both residues 85 and 89. These novelspin largely preserved.

spin interactions could result from minor rearrangements in  Relationship to Preious StudiesPrevious studies have
this region of the natural dimer interface that strengthen the led to varied models for TTR amyloid and its formation.
subunit association or, alternatively, from additional subunit Some models have implied assembly from monomeric
interfaces in the fiber; the data presented here are not ablantermediatesX7), while others have allowed for or directly

to discriminate between these two possibilities. Overall, the suggested that fibers are constructed from native-like oligo-
spin labeling results support the concept of a fiber built from meric speciesl(9). This range of views has left the existence

dimeric building blocks. of native-like oligomeric interactions in TTR fibers as an
open question. We have addressed this issue as directly as
DISCUSSION possible and have found that a dimeric interaction is retained

upon fiber formation.

Our conclusion that key aspects of the dimeric structure
of TTR are conserved in the fibrillar form can be reconciled
with other data that have favored a monomeric species as

TTR Amyloid Fibrils Can Assemble from an Oligomeric
Intermediate Whereas some earlier studies have implicated
a monomeric intermediate in amyloidogenesis, our findings
indicate that dissociation of the natural TTR tetramer 10y ey puilding block. For example, it is known that the
monomers is not necessary for fibril formation. Thiol-specific monomer prevails at the low pH used to make fibers in vitro
cross-linking experiments demonstrated that two different (10). In view of the present finding that a dimeric form of
dimeric species of TTR are competent to form fibers. TTR TTR can form fibers, the prevalence of a monomeric form

dimers held together by either two covalent tethers spanningcan be explained as a secondary effect of the acidic
the F and Fstrands (double-cysteine mutant 89C/96C) or conditions required in vitro to cause the conformational

one spanning the H and'idtrands (single-cysteine mutant 546 that must occur during amyloid formation. The low
115C) both self-assemble into fibrillar structures; the rate concentration of dimeric TTR observed during in vitro

of formation, tinctorial properties, and morphology of fibrils gy, i 15genesis is consistent with a slow formation of oligo-
built from these dimeric TTRs are similar to those for un- e amyioidogenic building blocks, followed by their more
cross—lmlfed. variants anq wild-type transthyretin. The use rapid addition to growing amyloid fiberst, 14, 17). The
of cross-linking agents with spacer arm lengths ranging from 16 of gimers was also called into question by an earlier
approxmlat(.aly 18 A (BM.[P.EO‘) to 8 A (BMOE.) suggests finding that certain engineered disulfide-bonded dimers did
that the intimate association of TTR subunits across the . torm finers 83). However, given that conformational
natural dimer interface is reasonably preserved during cpanges must occur, we would not expect all possible dimers
fibrillogenesis. to form fibers. By testing several possibilities, we have
The conclusions of the cross-linking studies were con- jdentified some dimers that do.
firmed by less invasive means using site-directed spin  Qur studies support the concept of a fiber built from
labeling. In the absence of cross-linking constraints, nitroxide dimeric building blocks. However, they do not rule out the
spin-labeled mutants self-assemble and reveal-sgpm possibility of assembly through a tetrameric intermediate,
interactions that can most easily be explained by subunit hecause the natural tetramer is essentially just two copies of
associations similar to those of the natural dimer interface. the dimer. We have attempted to investigate the seemingly
In addition to the preservation of many interprobe distances, |ooser interface that holds two dimers together in native TTR,
notable decreases in inter-nitroxide distances are detectablgyyt have been unsuccessful because of insufficient spin
near the subunit interface in the fibril, which suggests a |abeling. A plausible tetramer-mediated mechanism for fiber
strengthening of the natural interchain associations. Becausgormation has been proposed on the basis of the molecular
the EPR measurements are carried out on purified fibers, aspacking in crystals of a highly amyloidogenic mutant of TTR
opposed to intermediates in the self-assembly pathway, the(19). Although our findings of a dimeric building block do
spin labeling studies provide the first view of a subunit not rule out the involvement of a tetrameric species, they
interface in an amy|0|d fibril and one potential target for do C|arify the issue of whether a monomer or an 0|igomer
inhibiting fibrillogenesis 80-32). forms the core of TTR fibersl@). In general, the results of
Taken together, the thiol-specific cross-linking and SDSL our cross-linking and spin labeling experiments lend more
data provide two independent lines of evidence for a self- support to an emerging view that dimerization may play a
assembly pathway involving an oligomeric intermediate that significant role in the formation of filamentous assemblies
is either a dimeric building block or a multiple of such. The from various proteins34—41).
cross-linking and SDSL experiments independently argue An Oligomer Model for TTR Amyloid Formatiohe
that the F and Fstrands, found at the dimer interface of mechanistic details of in vitro TTR fibril formation are
native soluble TTR, remain in proximity in transthyretin continuing to emerge from extensive biochemical and
amyloid fibrils. Although the cross-linking of cysteine biophysical studies of low-pH intermediates along the self-
mutants across the dimer interface along the F and Hassembly pathway and from examination of the structure of
p-strands has a negligible effect on TTR fibrillogenesis, the amyloid fibrils by microscopy and X-ray diffractiorlQ—
degree to which the native structure of TTR is preserved is 13, 15, 18, 28, 42, 43). The site-directed cross-linking and
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FIGURE 7: Monomeric vs oligomeric self-assembly pathways. TTR
amyloid fibrils are generated in vitro by partial acid denaturation.
With decreasing pH, the native tetrameric structure first dissociates
to a dimer (step A) and then to a monomer (step B). According to
the monomeric model for in vitro fibrillogenesis, TTR undergoes
structural rearrangements (either during or after dissociation to
monomer, step 1) resulting in a non-native monomeric intermediate
that self-assembles into amyloid fibrils (step 2). Our findings support
an oligomeric model for fibrillogenesis. Here, TTR undergoes
structural rearrangements (stef) tb afford an oligomeric inter-
mediate, which may be a dimer or a tetramer. The oligomeric
intermediate with a native-like dimeric interface (enhanced edges)
ultimately forms amyloid fibrils through additional subunit interac-
tions that have not been elucidated yet (sté€p 3pin labeling
experiments on interface residue$ gpecifically confirm a partially
preserved native-like dimeric interface in transthyretin amyloid
fibrils.

spin labeling studies described here place new constraints

on these evolving models of TTR amyloid fibrils and on the
mechanism of their formation. While the results presented
here do not lead to a complete picture of the TTR fibril, and
do not strictly exclude the involvement of a monomeric

species in TTR amyloidogenesis, they are more consistent

with a different model. We propose one such model that
preserves some of the native symmetry (Figure 7). Here,
fibrillogenesis commences with a dimeric (or possibly
tetrameric) building block that self-assembles, culminating
in an amyloid fibril.

Whereas the natural dimer interface is partially conserved,
additional subunit interfaces in the fiber most likely involve
structural rearrangements in other regions of the TTR
molecule. Notable conformational changes have been ob-
served in studies of a solution state amyloidogenic intermedi-
ate @2, 43). In addition, domain swapping has been
implicated as one potential mechanism by which conforma-
tional change could lead to a new subunit interface in
amyloid @4—46). While biophysical studies on soluble
intermediates have furthered our understanding of the
processes surrounding fibrillogenesis, direct structural in-
formation about the fibrillar state has been obtained only

Biochemistry, Vol. 40, No. 31, 2008095

with difficulty due to the noncrystallinity and the insolubility

of amyloid (18). As more SDSL experiments continue to
probe the fibrillar state directly, additional subunit interac-
tions will be identified and more complete models will
illuminate the molecular basis for amyloid formation from
TTR and other proteins.

Ultimately, the architectures of amyloid fibers must be
dictated by geometric preferences in the way protein
molecules tend to self-associate. Decades of crystallographic
studies on soluble oligomeric assemblies have demonstrated
that the quaternary structures of such complexes are domi-
nated by a preference for symmetric arrangements, usually
involving one or more dimeric associations. At issue is
whether fibril-forming proteins are guided by similar or
different principles of assembly. The evidence for symmetry
in transthyretin fibrils suggests that the architectures of varied
protein assemblies may be governed by similar rules and
patterns.
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