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ABSTRACT. Analytical ultracentrifugation methods were utilized to further characterize the acid denaturation
pathways of wild-type, V30M, and L55P transthyretin (TTR) that generate intermediates leading to amyloid
fibril formation and possibly the diseases senile systemic amyloidosis and familial amyloid polyneuropathy.
Equilibrium and velocity methods were employed herein to characterize the TTR quaternary structural
requirements for amyloid fibril formation. From neutral to slightly acidic conditions (pH-8.%), wild-

type transthyretin (0.20.3 mg/mL, 100 mM KCI, 37C) exists as a tetramer and is incapable of fibril
formation. Under more acidic conditions (pH 5 to 3.9), tetrameric wild-type TTR slowly dissociates to a
monomer having an alternatively folded tertiary structure(s) that self-assembles at physiological
concentration (0.2 mg/mL) into a ladder of quaternary structural intermediates of increasing molecular
weight. These intermediates appear to be on the pathway of amyloid fibril formation, since they ultimately
disappear when amyloid fibrils are observed. The V30M and L55P TTR variants exhibit similar acid
denaturation pathways, with the exception that dissociation of the tetramer to the monomeric amyloidogenic
intermediate occurs at a higher pH and to a much greater extent, allowing the quaternary structural
intermediates to be readily observed by velocity methods. Partial denaturation and assembly of the
monomeric amyloidogenic intermediate(s) occur at pH 5.4 for V30M and L55P TTR over a 72 h period,
during which wild-type TTR maintains its normal tetrameric three-dimensional structure. Interestingly,
the L55P and V30M familial amyloid polyneuropathy (FAP) associated variants form amyloid
protofilaments at pH 7.5 (37C) after several weeks of incubation, suggesting that the activation barriers
for TTR tetramer dissociation to the monomeric amyloidogenic intermediate are much lower for the FAP
variants relative to wild-type TTR, which does not form amyloid or amyloid protofilaments under these
conditions. This study establishes the key role of the monomeric amyloidogenic intermediate and its self-
assembly into a ladder of quaternary structural intermediates for the formation of wild-type, V30M, and
L55P transthyretin amyloid fibrils.

Amyoid fibril formation refers to an abnormal and likely However, several laboratories including our own have
pathogenic process whereby a human amyloidogenic proteinprovided evidence supporting the existence of numerous pre-
undergoes a conformational change and self-assembles int@amyloid quaternary structural intermediatés16, 17. These
fibrils having a characteristic crosg-structure {—12). intermediates seem to play a major role in the amyloid fibril
Although the fibrils associated with different amyloid formation process and possibly in the pathological mecha-
diseases (neurodegenerative diseases) are made of differemtism of amyloid disease?( 17, 1§.
proteins, the amyloid fibrils share strikingly similar X-ray Transthyretin (TTR) is one of twenty human amy-
diffraction patterns, suggesting a related structure and aloidogenic proteins that change conformation and abnormally
common mechanism of fibril formation18—15). Even self-assemble into fibrilar quaternary structures under par-
though there is considerable evidence for a causal link tially denaturing conditionsl(, 6, 8, 9, 19, 2 Transthyretin
between fibril formation and amyloid diseases, the exact is known to be the major component of the amyloid deposits
pathological mechanism remains unclear. Until recently, that putatively cause the human amyloid diseases senile
amyloid fibril formation was thought to follow a two-state systemic amyloidosis (SSA) and familial amyloid polyneur-
mechanism analogous to a crystallization process, where onlyopathy (FAP) §, 21). Wild-type TTR composes the fibrils
the amyloidogenic conformational intermediate and amyloid in the senile form of the disease, whereas 1 of 54 single site
fibrils are significantly populated during fibril formation.  variants predominantly constitute the fibrils in the familial
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diseaseZ?). Among these, V30M is the most frequent FAP-
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intermediates. Speed et al. utilized nondenaturing gel elec-

associated variant and is of intermediate stability, while L55P trophoresis to study the aggregation of the P22 tail spike
is the most pathogenic and unstable FAP variant character-protein successfully3g). Unfortunately, dissection of tran-

ized to date §, 22—25). Thus the amyloidogenic mutations

sthyretin fibril formation is not amenable to this approach,

appear to alter the acid denaturation pathway by making as quaternary structural intermediates are not observed as a
either the thermodynamics or the kinetics, or both, favorable ladder of bands; instead streaking on the PAGE gels is

for the formation of the amyloidogenic intermediate that self-
assembles into amyloid fibrild 3, 7, 23, 24, 26-:32). The
130 A diameter transthyretin amyloid fibril is made up of
four protofilaments, each having a characteristic cf®ss-
repeat structure. The individygdstrands composing the fibril
are oriented perpendicular to the long axis of the protofila-
ments composing the fibril3@). Recent synchrotron X-ray
fibril diffraction data combined with high-resolution electron
microscopy studies on V30M TTR amyloid suggest a
structural model where the constituent cr@sstrands in the
protofilaments are twisted $5with respect to each other,
forming a completes-helical turn every 245-strands 84).
Normally folded wild-type, V30M, and L55P TTR can
be converted into amyloid fibrils either by partial acid
denaturation or during pH-mediated reconstitution (refold-
ing), implying that an intermediate on the denaturation/

observed. Holzman and co-workers utilized sedimentation
velocity studies and Teplow and Murphy used light scattering
(37—40) to study the assembly of the fAprotein into
amyloid, both methods identifying the presence of oligomeric
intermediates. More recently, Lansbury and Krafft have
utilized atomic force microscopy to examine the time course
of AB amyloid fibril formation, identifying a series of
intermediates preceding the formation of amyloid fibril§,(
18). Advances in analytical ultracentrifugation methods make
the observation and characterization of quaternary structural
intermediates quite straightforward1(—43).

Herein, sedimentation velocity and equilibrium ultracen-
trifugation methods are used to carefully characterize the
TTR quaternary structural changes as a function of pH to
identify the quaternary structural requirements for amyloid
fibril formation and to identify possible intermediates

reconstitution pathway is the amyloidogenic intermediate that inyolved in amyloid fibril formation. These studies show that

self-assembles into amyloid fibril28, 24, 26, 2% Earlier
data from our laboratory show that the V30M and L55P
variants can form amyloid fibrils under mildly acidic
conditions (e.g. pH 5.4), where wild-type TTR is a non-
amyloidogenic conformationally stable tetram#&r-g, 7, 23,

TTR (0.2-0.3 mg/mL) under acidic conditions (e.g. pH 4.4)
dissociates to a monomeric intermediate to varying degrees,
depending on the TTR sequence under study, and self-
assembles into an array of quaternary structure intermediates
differing in MW by approximately one monomer unit. The

24, 26, 29. Recent data described herein demonstrate thatself-assembly of these intermediate quaternary structures
the V30M and L55P FAP-associated variants are capable ofleads to significant amyloid fibril formation at elevated

forming amyloid protofilaments at physiological pH and
concentration upon extended incubation (weeks) at@G7

temperature (37C), by a pathway that is currently under
further scrutiny employing electron microscopy, atomic force

Electron microscopy was employed to observe the protofila- microscopy, and related approaches. At low pH-23 in

ments because light scattering is not sensitive enough tothe presence of salt, TTR is also capable of assembly into

detect these protofilaments. Importantly, the wild-type protein jow-MW quaternary structures; however, these assemblies
is incapable of fibril or protofilament formation under these do not yield amyloid fibrils.
conditions, even after months of incubation. These results

suggest that wild-type TTR cannot dissociate to monomer MATERIALS AND METHODS

under mild conditions, unlike the FAP variants which have
lower partial denaturation barriers that facilitate the formation
of the monomeric amyloidogenic intermediag3( 24, 30,
31). Amyloid fibrils prepared by partial acid denaturation
or reconstitution are very similar to fibrils formed in vivo
on the basis of X-ray diffraction, EM morphology, and dye
binding properties. This structural similarity confirms that
the amyloid fibrils form as a result of specific protein

Transthyretin was purified from a&. coli expression
system described previoush23). Purification involves
liberating TTR and other proteins from the periplasmic space
of E. coli by osmotic shock. The resulting solution is
concentrated 5-fold. The protein pellet produced by & 70
85% ammonium sulfate precipitation is then dissolved and
subjected to DEAE ion exchange chromatography, resulting

protein interactions and not a result of another process suchin TTR with >95% purity. All reagents used were of the
as isoelectric precipitation, which needs to be considered herehighest purity available from Sigma or USB.

since the pH of maximal TTR fibril formation (pH 4.4) is
near the Pl of TTR (4.64.95).

Probing the pH-Dependent Quaternary Structure Changes
by Sedimentation Velocit@oncentrated TTR stock solutions

Quintas and co-workers have evaluated the quaternary(5 mg/mL) were spun down on a desktop centrifuge for 15

structural changes exhibited by wild-type, V30M, L55P, and
T119M TTR in neutral pH solution by gel filtration chro-
matography, where dissociation is mediated by dilution of

TTR solutions into the sub-micromolar concentration range.

min at 4°C, and all buffers were filtered through 0.22n

filters before use in analytical ultracentrifugation experiments.
TTR solutions at the indicated concentration (0.2 or 0.02
mg/mL) and the desired pH (50 mM phosphate or acetate

They succeeded in identifying the presence of soluble buffer in 100 mM KCI) were prepared by dilution or by

oligomeric species at pH 7 for V30M and L55P TTR;
however, owing to the limitations of gel filtration, we cannot
learn very much about the size and distribution of the
oligomeric species3b). Evaluation of the self-assembly

dialysis against the desired buffer, incubated &C4for at
least 12 h, and brought up to 2& for several hours prior

to the run (except in cases specified as being analyzed at 4
°C). The sedimentation properties of wild-type, V30M, and

pathway(s) leading to amyloid formation has been hindered L55P TTR incubated for 24 h at pHs 8.0, 7.0, 6.0, 5.5, 5.0,
by the available methods for identifying quaternary structural 4.4, 4.0, 3.0, and 2.0 were obtained from data collected on
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a temperature controlled Beckman XL-A or XL-I analytical equation and Stokes equation for the frictional coefficient
ultracentrifuge equipped with a An60Ti rotor and photo- to obtain eq lll, which utilizes the estimated sedimentation
electric scanner. A double sector cell, equipped with a 12 coefficient.

mm Epon centerpiece and quartz windows, was loaded with

400-420 mL of sample using a blunt-end microsyringe. Data (MW)?® = 100s™3(1 — vp) (1)
were collected at rotor speeds of 36680 000 rpm in
continuous mode at 2% (or 4°C), with a step size of 0.005 For complicated systems containing multiple species we

cm and an average of four-scans per point. Fewer scans pe(;sed the van Holde and Weischet global boundary analysis
point were used when fast sedimenting species were followeds, fitting the absorbance dat#Z). The van Holde and
to allow more data sets per unit time to be collected. Weischet global fitting method is very useful for examining
Analysis of the Sedimentation Velocity Profile of TTRe sample homogeneity/heterogeneity and facilitates a rigorous
second moment boundary sedimentation analysis was appliethnalysis of complex boundaries of multicomponent systems,
to determine the sedimentation coefficienss (vhich are yielding accurateSy, for all components presemd). The
reported in Svedberg units (S, £0s) for a given quaternary  yan Holde and Weischet analysis of the data was carried
structure under conditions where a single ideal species exists, ;¢ using the Ultrascan software developed by Demeler (for
in solution, as discerned previously by sedimentation equi- information on Ultrascan, http:/bioc02.uthscsa.edu/.biochem/
librium. For boundary sedimentation analysis, the movement tutor.html). The contribution of diffusion to the boundary

of the midpoint of the absorbance boundary\s time )  shape is removed in the van Holde and Weischet analysis
was used to obtain the uncorrected sedimentation coefﬁment,by extrapolating to infinite timet(2 = 0), thus achieving
s, from the slope of the plot of In(vs tw? i.e., [dIn()/w? resolution between species of simitavalues. Thes values

dt]. The observed sedimentation coefficiesiwas corrected  gptained are visualized either as an extrapolation plot (e.g.
to standard conditions (water at 2Q) with the following Figure 1B) or as an integral distribution plot showing the

equation using tabulated density and viscosity data: distribution of s values along the boundary known Gs)
o) (1— p) (e.g. Figure 1C), where th&(s) plots simply represent
—s Mo P)2o,w 0) another way of presenting the extrapolation plots. Usually
0w (M20m @ — Vo)1 we display the extrapolation plots within because of their

ability to reveal details or complexities in the boundary shape

wherep andy are the density and viscosity, respectively, of that are not usually obvious by inspection of the velocity
water at 20°C, andv is the partial specific volume of the data. In the extrapolation plots a homogeneous sample with
protein. The density and viscosity were calculated using respect to both molecular weight and the frictional coefficient
polynomial equations and tables of coefficiend&l)( The would yield a singleY intercept corresponding to the
partial specific volume of TTR (0.734 ciig) was estimated  diffusion corrected sedimentation coefficient of the species
on the basis of the partial specific volumes of the component (e.g. Figure 1B), while a sample that is heterogeneous would
amino acid residuesib—47). give multipleY intercepts (e.g. Figure 6A). The van Holde

For heterogeneous samples containing up to three sedi-and Weischet analysis is not perturbed by experimentally
menting species, the data were fit using a direct fitting noisy data. Demeler and co-workers have shown that this
analysis of the collected absorbance data. This method worksmethod faithfully interprets the experimental data even at
well, especially for proteins with molecular weights of higher noise levels than are usually experienced with the
10 000-40 000 for which the boundaries are quite broad due XL-A (using simulated data)4©). The d/dt time derivative
to diffusion. Since the molecular weight of monomeric TTR analysis method for calculating the apparent sedimentation
is only 14 000, very broad boundaries dominated by diffusion coefficient distributiorg(s*) developed by Stafford was also
are observed for the monomer and are difficult to analyze used to confirm the homogeneity/heterogeneity of the
by the time derivative analysis. At this molecular weight, it samples (data not showrd1, 50.
is nearly impossible to get the boundary to clear the Sedimentation Equilibrium Experiments To Determine the
meniscus; hence, direct fitting analysis is used. A direct Molecular Weight of TTR under Acidic Denaturing Condi-
boundary fitting approach was applied using the Svedbergtions in the Absence of Saedimentation equilibrium runs
program developed by Philo, where multiple raw data sets were performed on a TTR sample (110 mL) at pH 2.0 in
(concentration vs radius) taken at various times during the the absence of salt from 3087 000 rpm using a double
run are simultaneously fit to approximate solutions of the sector cell with charcoal-filled Epon centerpieces and sap-
Lamm equation, witts, D (diffusion coefficient, with a unit phire windows. All scans were performed at 280 nm, with a
of Fick, 1 F= 10" cn¥/s), and the loading concentration as step size of 0.001 cm and 50 averaged scans. Samples were
fitting variables @8). This method has the advantage of allowed to equilibrate for 24 h, and duplicate ss&h apart
allowing for the calculation of the molecular weight of the were overlaid to determine that equilibrium had been reached.
sedimenting species using eq |l sirc@ndD can be obtained  The data were analyzed by a nonlinear least-squares analysis

from the fitting analysis. using the Origin software provided by Beckman. The data
were then fit to a single ideal species model using the
MW = _ SRT (I following equation to determine the best fitting molecular

D(1 — vp) weight:

In the cases where the diffusion coefficient cannot be o —
determined accurately, the molecular weight of a spherical ) _ ) )
protein can still be estimated by combining the Svedberg ~ €XPIIN(A) + (Mo (1 — ) 2RT)(X" — X,)] + E (IV)
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Ficure 1. Sedimentation velocity profiles of wild-type TTR (0.2
mg/mL) at pH 7.0. (A) Overlay of data sets recorded approximately
15 min apart. (B) van Holde and Weischet extrapolation plots
showing the tetrameric quaternary structure in solution. &%)
distribution plot demonstrating the tetrameric structure.

whereA, is the absorbance at radiysA, is the absorbance
at a reference radiug (usually the meniscusy, is the partial
specific volume of TTR (mL/g),e is the density of the
solvent (g/mL),w is the angular velocity of the rotor (rad/
s), E is the base-line error correction factdy] is the
molecular weightR is the universal gas constant (8.3%4
10’ ergs/mol), andT is temperature (K). The goodness of

Lashuel et al.

0.5 nm. A 5 mmquartz cell was used to collect the spectra
from 250 to 196 nm.

Near-UV Circular Dichroism of TTR at 0.02 mg/mild-
type TTR samples (0.02 mg/mL, pH 7, 4.4, and 2.0) were
incubated at 28C for 15 h. Circular dichroism spectra were
collected in a 10 cm quartz cell at 26 using an Aviv model
62DS CD spectrometer employing a bandwidth of 0.5 nm,
a time constant of 2s, and a step size of 0.2 nm. Thirty scans
from 320 to 250 nm were recorded and averaged.

RESULTS

Under physiological conditions (0-0.3 mg/mL, pH 7,
25 °C) wild-type TTR and the V30M and L55P FAP-
associated TTR variants exhibit a tetrameric quaternary
structure, as discerned by previous sedimentation equilibrium
analysis after incubation at 2% for 24 h @9). Identical
conditions were used in the sedimentation velocity studies
presented here to determine tlsevalues for the TTR
tetramers. The sedimentation velocity profiles of wild-type
TTR at pH 7.0 show the movement of a single boundary
across the cell (Figure 1A). The second moment analysis
for the movement of the midpoint of the absorbance
boundary () vs time ) was used to obtain the apparent
sedimentation coefficiens, of 4.5 S. Thiss value corre-
sponds to alsow = 4.1 S, consistent with the TTR tetramer
(28). Further analysis of the data using van HelWeischet
global fitting also indicates the presence of one single species
with s,0w = 4.2 S (Figure 1B,C). Sedimentation velocity
analysis of V30M and L55P TTR after a 24 h incubation
(25°C) at pH 7 also shows a single species withsay, =
3.9 and 3.8 S, respectively (data not shown).

Interestingly, sedimentation velocity analysis of L55P
samples (0.1 and 0.2 mg/mL) incubated at 7 for 2
months (pH 7.5) shows the presence of oligomeric species
(protofilaments by EM characterization, see Figure 2) that
sediment with an averagevalue of 14 S. Analysis of the
sedimentation profiles by van Holde and Weischet analysis
confirms the heterogeneity of the sample via the presence
of a ladder of oligomeric species wittvalues ranging from
2 to 23 S, Figure 3. Analysis of the data using various
methods and at various times during incubation reveals the
absence o>5% of the L55P tetramer after 2 months of
incubation at 37°C. The L55P soluble protofilaments
predominating in the sample are capable of binding congo
red as discerned by the observed red shift of the congo red
spectrum to 540 nm upon its addition to L55P TTR
protofilaments (see Supporting Information). Sedimentation

the fit was evaluated on the basis of the randomness andvelocity analysis of a V30M TTR sample under the same
magnitude of the residuals, expressed as the differenceconditions (37°C, pH 7.5) reveals the presence of a much
between the theoretical curve and the experimental data, andsmaller amount €10% by absorbance) of oligomeric

by checking the fit parameters for physical reasonability.
Transforming the equilibrium concentration gradient (absor-
bance vs radius) into Bly,app VS concentration plot is also

intermediates (protofilaments); however, these oligomeric
intermediates can be readily observed by electron micros-
copy. Unlike the L55P TTR case, tetrameric V30M TTR

used to provide information regarding the degree of associa-remains the predominant species in solutionrait2 month

tion in the system.
Far-UV Circular Dichroism of TTR at 0.02 mg/mL

incubation at pH 7.5, 37C, Figure 3B. It is not yet clear

whether the V30M protofilaments will ultimately form

Transthyretin samples (0.02 mg/mL, pH 7, 4.4, and 3.9) were amyloid fibrils; however, L55P is capable of amyloid fibril
incubated at 4°C for 12 h before the temperature was formation (protofilament assembly) under these conditions.

increased to 25C for 2—3 h. The spectra were recorded on
an Aviv model 62DS spectrometer at 2% using a

The L55P and V30M oligomeric intermediates are operation-
ally classified as protofilaments on the basis of their EM

bandwidth of 1 nm, a time constant of 4 s, and a step size ofdimensions (47+ 7 A diameter). These oligomers are
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Ficure 2: Electron micrograph of L55P TTR (0.1 mg/mL, 100 5
mM KCI, pH 7.5) incubated at 3T for 2 months. The sample g 04
was prepared by allowing the solution to stand for 2 min on a cg
carbon-coated grid before removing excess solution. The grid was
then washed once with distilled water and once with 1% uranyl 02 -
acetate before staining the protofilaments for 2 min with fresh 1%
uranyl acetate. Magnification: 910R0Scale bar= 1000 A. 0.0 . ! ! oy
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A cross-sections of the a_myloid fibrils obser\_/eq by Blake Ficure 3: van Holde and Weischet analysis of L55P and V30M
composed of four protofilaments but are similar to the 1R (0.1 mg/mL, pH 7.5) incubated at 3T for 2 months. (A)
protofilaments composing the V30M amyloid fibrils that have van Holde and Weischt extrapolation plot of L55P illustrating the
a diameter of 4650 A (33, 34. distribution of oligomeric quaternary structures. (&) extrapola-
Sedimentation velocity analysis of L55P TTR (pH 7.5) tion plot of L55P @) and V30M (@) illustrating the striking
incubated for 715 days reveals that the amount of dissoci- ggfgfv';cbel: k')n the populations of the oligomeric intermediates
- . : y this method.
ated monomer formed is dependent on the incubation
temperature, with more monomer observed the higher thespecies ¥£90%) sediments with ais,, value of 4.1 S,
incubation temperature (i.e., 3C > 25°C > 4 °C). The corresponding to TTR tetramer. The minor species has an
dissociation of the L55P tetramer to monomer at pH 7.5, 37 s, value of 1.2 S, corresponding to monomeric TTR. A
°C prior to the formation of the oligomeric intermediates small fraction of oligomeric species is visible early in the
strongly suggests that the monomer is the amyloidogenicvelocity analysis, which likely results from association of
intermediate and a precursor to amyloid protofilaments, eventhe monomeric amyloidogenic intermediate (see below).
at physiological pH. The tetramer to monomer dissociation Sedimentation studies on V30M and L55P TTR incubated
for V30M under physiological conditions (pH 7.5, 3T) at pH 6.0 for 24 h indicate that both sediment as a
appears to be slow relative to L55P, as only trace amountshomogeneous tetrameric species wsthralues of 3.9 and
of monomer can be observed under conditions where the3.8 S, respectively. At pH 5.5 the L55P FAP variant exhibits
L55P monomer concentration is as high as 15%. However, extensive amyloid fibril formation unlike V30M, which
tetramer dissociation still takes place for V30M, as protofila- exhibits modest amyloid fibril formation at pH 5.5, or wild-
ments formed from assembly of the monomeric amy- type TTR, which does not exhibit amyloid fibril formation
loidogenic intermediate can be observed by electron micros-at pH 5.5.
copy after longer incubation periods (2 months) in low yield. ~ Wild-type transthyretin (0.2 mg/mL, 100 mM KCI, 3T)
Itis likely that the rate of assembly of the V30M monomeric exhibits maximal amyloid fibril formation at pH 4.4 (72 h)
amyloidogenic intermediate (pH 7.5, 3T) is greater than  (29). Amyloid formation is also observed at the lower
the tetramer dissociation rate, making it difficult to observe temperature of 25C at pH 4.4, albeit in lower yield (20
significant amounts of the monomeric and oligomeric 50%). Sedimentation velocity analysis of TTR at pH 4.4 after
intermediates that precede protofilament formation, unlike an incubation period of 2 days at 26 is reported in a recent
the L55P case where the tetramer dissociation rate is higherpublication where inhibitors of TTR amyloid formation are
Evaluation of wild-type TTR (0.2 mg/mL) by velocity evaluated Z8). Under these conditions, TTR exists as a
studies at pH 5.5 and 6.0 reveal the presence of a singlemixture of sedimenting species withvalues ranging from
species corresponding to the TTR tetramer gjth, = 4.2 1.6 to 6.3 S as discerned from the time derivatg(g*)
S. At pH 5.0, a second slower-moving boundary appears with analysis. The amyloid fibrils present in this solution quickly
an absorbance of less than 10% of the total. The major sediment to the bottom of the centrifuge cell, resulting in
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process and thus observe the oligomeric intermediates at the
Time(05) expense of insoluble amyloid fibrils, TTR was incubated at

FiGure 4: Sedimentation velocity studies of wild-type TTR (0.2 4 °C and evaluated by velocity experiments as a function of
mg/mL, pH 4.4, 25°C). (A) Overlay of data sets recorded time.

approximately 20 min apart. (B) van Holde and Weischet extrapola- A eyalyation of wild-type TTR at 4C after incubation
tion plots. (C) Extrapolation plots of data sets which include early .
scans of the fast sedimenting species. These reveal the presence épr 12’_20' 30, and 72_ h (pH 4.4) reveals_ that tetr_amerl_c TTR
intermediates as evident by the characteristic discontinuous decreasélissociates and sediments as two major species sth
in the upper region of the boundary fraction. values of 1.5 (monomer) and 2.5 S (uncharacterized qua-
ternary structure, possibly dimer), but unexpectedly the
the loss of~50% of the sample as large visible aggregates monomer does not undergo self-assembly 4€C4i.e., no
that can also be filtered (@m filter) prior to sedimentation  oligomers or amyloid fibrils can be detected, Figure 5. The
velocity studies. Velocity analysis of wild-type TTR qua- fraction of monomer observed increases with incubation time;
ternary structures (pH 4.4, 2&) remaining after filtration e.g., we observe 65% monomer at 72 h. These results suggest
discloses the presence of predominately tetrameric TTR,that it may not be sufficient to simply have TTR tetramer
<10% of the monomeric amyloidogenic intermediate, and dissociation to a monomeric intermediate with nativelike
an even smaller amountg%) of oligomeric quaternary tertiary structure; instead a tertiary structural rearrangement
structural intermediates, Figure 4, consistent with the conver- appears to be necessary as proposed earlier, which may not
sion of the remainder into amyloid. Inclusion of early scans, be energetically accessible at°€ (1, 3, 27. Another
during which the protein is pelleting during the velocity possibility for explaining the lack of fibril formation is that
analysis reveals the presence of intermediates as evident byhe amyloidogenic intermediate is formed but simply cannot
the characteristic discontinuous decrease in the upper regiorself-assemble at 4C. This seems unlikely as the V30M and
of the boundary fraction; see Figure 4C. It is difficult to L55P amyloidogenic intermediates can assemble into amy-
observe the oligomeric intermediates for wild-type TTR due loid at 4°C (pH 4.4; see below). Interestingly, amyloid fibril
to the high activation barriers for the dissociation of the formation occurs quickly (1830 h) upon transferring the 4
tetramer to the monomeric amyloidogenic intermediate °C TTR solution containing predominantly monomeric wild-
relative to the activation barriers for assembly. Hence the type TTR to a higher temperature (3C). The rate of wild-
intermediates do not build up in concentration because theytype TTR amyloid fibril formation is significantly higher for
are rapidly converted into amyloid fibrils via quaternary samples preincubated at°€ and then shifted to 37C
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Ficure 6: Sedimentation velocity studies of L55P and V30M TTR at pH 4.4°@p (A) van Holde and Weischet extrapolation plot of
L55P after 12 h. (B)5(s) distribution plots of L55P TTR after 9) and 12 h @). (C) Sedimentation velocity profile of V30M TTR after
12 h at 3000 rpm. Inset shows the van Holde and Weischet an@{sjislistribution plot of the fast sedimenting species. &¥) plot of
the species left in solution after sedimentation of V30M TTR at 3000 rpm, revealing mainly tetrameric TTR.

compared to samples incubated exclusively at@5%r 37 Analogous studies on V30M TTR reveal that the dissociated
°C, owing to the predominance of the tetrameric species in monomeric amyloidogenic intermediate rapidly forms amy-
the latter samples (TTR incubated exclusively at 25 or 37 loid fibrils, making it difficult to observe intermediates.
°C is only <5% monomeric at steady state). Sedimentation velocity analysis of 0.2 mg/mL V30M incu-
The L55P and V30M FAP-associated TTR variants, like bated at 25C for 15-20 h at 3000 rpm show the presence
wild-type TTR, exhibit similar amyloid fibril formation at  of fast sedimenting species & 13 000 S), Figure 6C.
pH 4.4, as discerned by light scattering and congo red bindingHowever, analysis of the sample remaining in solution
(23, 29. Sedimentation velocity analysis of L55P TTR reveals predominantly tetrameric V30M TTR (Figure 6D),
samples (0.2 mg/mL incubated at 25 or 37°C for 2 days whereas no L55P tetramer can be detected under these
at pH 4.4) exhibit extensive fibril formation at both tem- conditions.
peratures as discerned by rapid sedimentation of the amyloid The rate of dissociation (pH 4.4) of the V30M tetramer
component of the sample (8®0% conversion of soluble  to yield the monomeric amyloidogenic intermediate was
L55P into amyloid at 37C). In an attempt to characterize slower than the rate exhibited by L55P, but not as slow as
the amyloidogenic intermediates being formed by partial acid wild-type TTR, as discerned from time-dependent ultracen-
denaturation of L55P TTR, sedimentation velocity experi- trifugation studies. As a consequence of the slower rate of
ments were carried out on samples incubated for shorter timeformation of the V30M monomeric amyloidogenic interme-
periods (5 and 12 h) and at lower temperature °Z5 diate and a relatively fast rate of fibril formation, it is difficult
Analysis of ttre 5 h sample shows that most of the L55P to observe the oligomeric amyloidogenic intermediates. In
TTR tetramer (63%) had been converted to high molecular an attempt to slow the self-association process leading to
weight oligomeric intermediate species withialues ranging ~ V30M amyloid fibrils, the temperature was reduced ttC4
from 3.9 to 66 S; however, no amyloid fibrils were detected, to facilitate observation of the oligomeric intermediates.
Figure 6. Analysis of the 12 h L55P TTR (2&) samples High-MW oligomeric intermediates can be observed as the
reveals the presence of some amyloid fibrils{P%%) and dominant species in solution when V30M TTR (0.2 mg/mL,
a heterogeneous distribution of oligomeric intermediates pH 4.4) is incubated at 4C; ultimately amyloid fibril
remaining in solution witrs values ranging from 1.4 to 39  formation is observed but only after extended incubation
S, Figure 6A,B. Tetrameric L55P TTR is not detectable periods or a temperature jump to 2&. Sedimentation
(=5%) in the 12 h sample. Sedimentation analysis of L55P velocity studies of 4°C samples incubated for 72 h and
TTR samples incubated beyond 12 h reveal more amyloid evaluated by van HoldWeischet analysis reveals the
fibril formation (up to 55% after 3 days, 2%C), predomi- presence of a series of oligomeric intermediates w/ithlues
nantly high-MW oligomeric intermediates in solution, and ranging from 10 to 140 S, Figure 7A,B. Analysis of 95% of
the absence of 5% monomeric or tetrameric L55P TTR. the sedimenting boundaries shows that no TTR monomer
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FIGURE 7: Sedimentation velocity analysis of V30M TTR (0.2 mg/ pr 08 -
mL) incubated at £C for 72 h (pH 4.4). (A) Extrapolation plot. S o4l
(B) G(9) plot illustrating the oligomeric intermediates present. g TF
a% 02 f
or tetramer can be detected under these conditions. This result o b ]
is distinctly different from that exhibited by wild-type TTR, 3 4 5 S 6 7 8 9
where dissociation of the tetramer to monomer is observed, 20,w
but no assembly or amyloid fibril formation occurs at@. FiGURE 8: Sedimentation velocity studies on wild-type TTR (0.2

The fact that the V30M and L55P amyloidogenic intermedi- mg/mL) incubated at pH 3.0. (A) Overlay of data sets approximately
ate can assemble into amyloid at’@ (pH 4.4) indicates 15 min apart. (B) van Holde and Weischet extrapolation plot
that the barrier for the rearrangement of the tertiary structure Zh‘:"_‘g”? thel (;"%Orf‘lgrlc qUTa}eRm?]W .Str”tchtures tprese“t- tG(S)t |
can be overcome at 4C for V30M and L55P, but not for hgtélrougg)r?eﬁ; orwiid-type showing the quaternary structura
wild-type TTR. In summary, the L55P and V30M oligomeric
intermediates appear to be formed by the self-assembly ofto 9.0 S, Figure 8, consistent with an assembled state at pH
the monomeric amyloidogenic intermediate, consistent with 3. Of significance, the resulting quaternary structures have
the presence of monomer at early stages and the broad MWa lower MW distribution and are incapable of forming
distribution observed at later stages, especially for L55P at amyloid fibrils. The quaternary structural distribution is very
25 °C. None of the intermediates appear to predominate; different from what we observe for wild-type, V30M, and
rather a ladder of quaternary structures is observed duringL55P TTR at pH 4.4, where a ladder of intermediates having
amyloid fibril formation. svalues as high as 140 S are observed under amyloid fibril
Amyloid formation is not observed below pH 3 for wild-  forming conditions.
type TTR, even after an incubation period of 3 days at 37  Previous far-UV CD studies indicate that wild-type TTR
°C, as judged by the absence of light scatter2®.(SDS— still exhibits a high content of-sheet structure at pH 2;
PAGE analysis of the quaternary structure at pH 3 reveals however, the tertiary structure is non-native on the basis of
that wild-type TTR and the TTR variants V30M and L55P near-UV CD and fluorescence data. Owing to these results,
run exclusively as a monomeric band in the gel at this pH, we proposed that wild-type TTR adopted an A-state con-
consistent with either a monomeric structure or a higher order formation, similar to that of a molten globule at pH 2 with
quaternary structure that is SDS sensitive. Attempts to studyKCI present (100 mM)Z9). However, sedimentation velocity
the quaternary structure of wild-type TTR at pH 3.0 by the analysis at pH 2 (0.2 mg/mL) revealed that wild-type TTR
sedimentation equilibrium methods failed due to the apparentsediments with an appareswalue (7.2 S), much higher than
aggregation of TTR during the rung9). A sedimentation that of a monomer (1.6 S). Furthermore, the observed
velocity study of wild-type TTR at pH 3 coupled with van boundaries are very broad, indicating that more than one
Hold and Weischet analysis identifies the presence of species exists at this pH. The van Hold and Weischet analysis
multiple sedimenting species withvalues ranging from 3  for wild-type TTR and the TTR variants confirms the
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mg/mL) at pH 2.0 in the absence of salt. (A) Overlay of data sets
FiGURE 9: Sedimentation velocity analysis of L55P TTR at pH (represented by different symbols) recorded approximately 30 min
2.0 (0.2 mg/mL). (A) van Holde and Weischet extrapolation plots apart. The_solld lines represent direct fitting of the_data toa smgle_
on data sets taken 9 min apart, illustrating the heterogeneity of theideal species by the Svedberg program. (B) Sedimentation equi-
sample. (C)G(s) plot shows the presence of multiple quaternary librium data fit to a single ideal species model (solid line) affording

structures. a molecular weight of 14 000. The Insert shows the residual
difference between the experimental data and the fit for each point.

presence of multiple species and shows the distribution of ysing the Svedberg program gives a good fit of the data to
species withs values ranging from3t0 8 S, from 110 9 S, 3 single ideal species model (Figure 10A), yieldingsamlue
and from 4 to 12 S for wild-type, V30M, and L55P TTR, of 1.23 S and a diffusion coefficienbj of 7.90 F affording
respectively, at pH 2. Representative data processed by they molecular weight of 14.9 1C® (eq II), in good agreement
van Holde and Weischet analysis for L55P TTR are shown yjith the expected molecular weight of monomeric TTR (13.8
in Figure 9. These sedimenting species correspond to ax 10%. Sedimentation equilibrium analysis was also per-
molecular weight range of 14 000 to approximately 260 000, formed at pH 2 in the absence of salt, giving an excellent fit
suggesting that monomeric TTR is the building block of this g a single ideal species model having a molecular weight
array of species. Recent time course data collected at pHof 14 000, Figure 10B. Sedimentation velocity experiments
2.0 and 3.0 using atomic force microscopy and electron for v30M and L55P TTR at pH 2.0 in the absence of salt
microscopy confirm that wild-type TTR assembles into small aiso show that these FAP variants sediment as a single
oligomeric species that do not go on to form amyloid fibrils, species with ans values corresponding to that of the
even after incubation periods of more than 1 month at 25 monomer. These data and previous far-UV CD data dem-
°C. Previous biophysical studies on wild-type TTR as a onstrate conclusively that, in the absence of salt, wild-type,
function of pH indicate that the difference in assembly at \y30M, and L55P TTR exist as an unfolded monomer at pH
pH 4.4 (amyloid) and at pH 2.0 (assembled A-state) results 2 The addition of salt induces linkefi-sheet structure
from the differences in the tertiary structures of the TTR formation (CD minimum is Sh|fted to 214 nm) and monomer
monomer precursors29). self-association, affording a distribution of oligomeric species
Studies on acid molten globules (A-states) suggest thatwhich have quaternary structures smaller than those observed
anion binding induces collapse of proteins at low - under amyloid fibril forming conditions (pH-53.9).
53). Wild-type TTR exhibits a far-UV CD spectrum with a To investigate the effect of TTR concentration on amyloid
minimum around 200 nm at pH 2 in the absence of added fibril formation (pH 4.4) and oligomeric A-state formation
salt, consistent with a random coil conformatioR9) (pH 2), sedimentation experiments were carried out at a wild-
Sedimentation velocity experiments of wild-type TTR at pH type TTR concentration an order of magnitude below
2.0 in the absence of salt were carried out to improve our physiological (0.02 mg/mL at 25C). At pH 4.4, the
understanding of the mechanism of this salt induced structuralsedimentation profiles show two broad boundaries, Figure
change. The observed boundaries were broad, probably dud 1. The Svedberg analysis gives a reasonable fit to the two-
to diffusion of monomeric TTR. A direct fitting of the data species model (slow moving boundasy,= 1.81 S,D; =
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0.4 assemble into protofilaments or amyloid fibrils. These studies
were carried out at physiological concentration (0.2 mg/mL)
and at lower concentration (0.02 mg/mL), which is very close
to the concentration used in previous fluorescence studies
(0.01 mg/mL). The analytical ultracentrifugation results
reveal that wild-type TTR exists as a tetramer from pH 7 to
pH 5.1 (0.2 mg/mL). From pH 5.0 to 3.9 the wild-type
tetramer slowly dissociates to a monomeric amyloidogenic
intermediate that self-associates into amyloid fibrils under
o : | | 1 physiologic.al conditions (0.2 mg/mL, 3T), with maximqm
6.2 6.4 6.6 6.8 7 fibril formation observed at pH 4.4 (72 i29). Sedimentation
Radius (em) velocity analysis of a 0.2 mg/mL TTR solution incubated

FiGURE 11: Sedimentation velocity studies of wild-type TTR (0.02 for 2 days at pH 4.4 (25C) discloses the presence®50%
mg/mL) at pH 4.4 (25°C). Overlay of data sets recorded amyloid fibrils. The remainder is predominately tetrameric
approximately 30 min apart are presented. The solid lines through TTR, <10% of the monomeric amyloidogenic intermediate,
the data represent the direct fit of the absorbance data to a two-54 an even smaller amourt§%) of oligomeric quaternary
species model using the Svedberg software. - . . .

structural intermediates, Figure 4. The importance of the
conformationally altered monomeric amyloidogenic inter-
mediate is clearly evident when wild-type TTR is incubated
at 4°C (pH 4.4), which mediates tetramer dissociation to a

0.3

0.2+

Absorbance

0.1

16.62 F; fast moving boundarg; = 4.73 S,D, = 13.2 F)
corresponding to roughly 75% monomer and 25% tetramer

on the basis of initial absorbance values. Note that the

diffusion coefficients are much higher than expected for a monomer that is not competent to as_semble into amyloid,
single species in each case. This likely arises from the presumably because the required tertiary structural changes

heterogeneity of each of the boundaries; i.e., each boundarydo nolt oceur at t(;ns tga/néperatulrgd \]f.\ghﬁ? théC4de-type
may contain more than one species. An analysis of earliertsc?rzp (raelztjeurmei?ent? than’ iinmglcalsen ofo \r/I\;ri]Igt-lto n:csc;r;s les
sedimentation scans reveals the presence of a minor pOpUIai_ncub%te d exclusivelv at 37C. owing to the )i/r?creaseg
tion of species with even highewvalues, indicating assembly fracti f Y | 'd, ng ; diat ;
of the monomeric amyloidogenic intermediate (0.02 mg/mL). iraction ot monomeric amyloldogenic in err:1e 'ate presen
This result is different from the sedimentation data derived " samples incubated first at 4 and then .at & : .
from wild-type TTR at physiological concentration (0.2 mg/ . 1€ Self-assembly of the monomeric amyloidogenic

mL), where predominantly tetramer and less than 5% higher intermediate into quaternary structural intermediates is much
order oligomers are observed at pH 4.4, owing to the rapid more apparent in the case of the familial amyloid polyneur-

sedimentation of over half the sample as amyloid fibrils. o_pathy-associated V?“*’j‘”ts V.SOM and . especially L55P,
The sedimentation of a low concentration (0.02 mg/mL) Figure 6 The ease of mtermedlgte detection dec_:reases when
of wild-type TTR at pH 2 exhibits a major species having comparing L55P to V3OM to W!Id-type TTR owing to the
ansvalue around 1.4 S, corresponding to monomer. Minor hl_gher s'gea_ldy-state_ concentration of the mMonomeric amy-
species withs values aréund 3.0 S are also present, but in loidogenic intermediate in those cases where the intermedi-

ow quaites. At physloiclconcenraton (02 o), 21 21 2301 absenvbie e, L95P Tnediference i e
multiple oligomeric species withvalues ranging from 4 to y 9

8 S are observed, demonstrating that self-association of the>®€M to be caused by the rates of amyloid assembly relative

acid-denatured state of TTR is concentration-dependent, a: t_o the rate of mor_lome_ric_amyloidogeqic inter_mediate forma-
expected. * %jon (tetramer dissociation along with tertiary strl_Jc'FuraI_

The effect of low temperature ¢€) on TTR denaturation chaqges). The faster the_ rate of tetramer dissociation is

. relative to the rates governing the assembly of the monomeric

at pI;| 2 was glso tex?m;]neq. ISe_d|rr|1entat|ontve'zt!omtyoezxperl/- amyloidogenic intermediate, the easier intermediate detection
mEns r(]:%r_?te Otl)J adrl; yS|8 ogica conﬁelréra IO(;]V(V-' T]gt is. The importance of the formation of the monomeric
mL) exhibit two broad boundaries. van Holde and Weische amyloidogenic intermediate is also consistent with earlier

analyilslrze Vi?jlztgast the rr;najor r?giiu?s Tmfllgenlq anndm3 rS nd data from our laboratory showing that several of the single
Eszto’w_ <a t I), Ef_% e'spg.ﬁ gt?h th ono Ite fa site amyloidogenic variants that cause FAP behave similarly,
etramer, respectvely. This s diiierent than the resulis irom . .- .- they destabilize tetrameric TTR in favor of the

_tge v_eIoc:'Fy experiments on T-LR at 2& (pH Zio)’ V‘;h'Ch monomeric amyloidogenic intermediat23( 24. Ultracen-
identify oligomeric species with an averageralue of 7.2 trifuge data described within also imply that the rate of
Sformation of the monomeric amyloidogenic intermediate for
L55P is fast relative to the assembly rate under acidic
%onditions; hence, a ladder of guaternary structural interme-
diates are prevalent and easily observed for L55P by
sedimentation velocity studies, Figure 6A,B. The V30M
tetramer appears to dissociate to the monomeric amy-
loidogenic intermediate more slowly relative to the assembly
The studies presented here employ analytical ultracen-rate; hence, the oligomeric intermediates are harder to
trifugation methods for characterizing the quaternary structure observe, but they can be readily observed by electron
of the intermediates on the wild-type, V30M, and L55P TTR microscopy. The suggestion that the activation barriers are
acid denaturation pathways, especially those that self-lowered for the dissociation of the L55P and V30M TTR

an important role in the self-association of the A-state at pH

hydrophobic effect. The activation barrier for denaturation
may also play a role.

DISCUSSION
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Ficure 12: Acid denaturation pathway of TTR accommodating all of the biophysical data recorded to date.

tetramer to the monomeric amyloidogenic intermediate is alsoing individuals with these mutations to amyloid fibril
strongly supported by the observation that V30M and L55P formation and disease. This logic is consistent with the age
TTR undergo the formation of the monomeric amyloidogenic of amyloid disease onset, which is earliest for the most
intermediate and assemble into protofilaments at pH 7.5 (37 destabilized FAP variant (L55P disease orse20 years of
°C), unlike wild-type TTR which remains normally folded, age), followed by the FAP variant of intermediate stability
Figures 2 and 3. The fact that wild-type TTR cannot form (v30M, disease onset 35 years of age), followed by the
the monomeric amyloidogenic intermediate under these wild-type protein involved in the senile amyloid disease SSA
conditions supports other evidence for the importance of this (wild-type TTR, disease onset 80 years of age). Compre-
intermediate for amyloid fibril formation1( 3). hensive studies on the denaturation rates of various tran-
The physiological relevance of the thermally induced sthyretin sequences has commenced in the laboratory to
partial denaturation (37C, pH 7.5) of V30M and L55P that  understand how large the differences in denaturation rates
yields amyloid protofilaments is not clear at the moment are when acid or thermal denaturation is employed.

ov;/in_g to thﬁ amo(ljmt ﬁf Itirlne this pro_ce;s takesl (weeks)  sedimentation velocity data in conjunction with sedimen-
rel ative toht e 23 day af.- ".ce of TTR n-human Eaﬁma'h tation equilibrium results clearly demonstrate the oligomeric
Also, at the present time it Is uncertain as to whether the e of the nonamyloidogenic quaternary structures formed
V30M protofilaments will ever become mature amyloid . pH 3 (100 mM KCI, 50 mM HOAG), indicating that
fibrils; however,_thls process can be very SI(.)W asin tlﬁ_b A the TTR monomer is also capable of self-assembling into
case. The half-life of the protein becomes irrelevant if the soluble A-state like aggregates. However, transthyretin
fibril can S'”.‘p'y grow in the extra_cc_allular space as individu- denatured below pH 3 does not fbrm amyloi’d most likely
als age owing to the low but finite concentration of the owing to the tertiary structural disorder in the monomeric

monomeric amyloidogenic intermediate. Slow growth is recursors to the aggregates (evident from inspection of the
feasible if the fibril is resistant to proteolytic degradation, b gareg P
fluorescence denaturation curvegp)

which seems to be the case. _ . _
The data within and previous data present even stronger The analytical ultracentrifugation data presented here

evidence that the partial acid denaturation of wild-type, require that we reevaluate some prior spectroscopic data
V30M, and L55P TTR leads to a conformationally altered collected at physiological concentration, as a result of our
monomeric amyloidogenic intermediate that self-assemblesimproved understand|ng of the TTR quaternary structure
into amyloid fibrils through a ladder of quaternary structural changes as a function of pH. However, through fortunate
intermediates. The activation barriers for the formation of Circumstances, conclusions drawn about the monomeric

the monomeric amyloidogenic intermediate appear to in- SPecies formed below pH 5 are largely corre2g)( The
crease in the order of L55R V30M < wild-type TTR, modified acid-denaturation pathway of TTR accommodating
employing either acid or thermal denaturation on the basis the present and prior results is presented in Figure 12. In
of time-dependent analysi®3, 24, 29. These results are  previous studies, we employed SBBAGE, far- and near-
strictly consistent with recent kinetic GdnHCl-mediated UV CD, fluorescence, and sedimentation equilibrium meth-
denaturation studies of wild-type, V30M, and L55P TTR, ods to characterize the acid denaturation pathway of TTR
demonstrating that V30M and L55P denature more quickly (29). The SDS-PAGE method used previously to evaluate
than wild-type TTR 80, 31). Hence, the FAP-associated the TTR quaternary structure is excellent for evaluating the
mutations appear to kinetically and thermodynamically amount of native tetramer present (runs on the gel as a dimer)
destabilize the TTR tetramer, thus increasing the steady-stateelative to other forms of TTR but is not faithful at
concentration of the amyloidogenic intermediate, predispos- representing the amount of monomer present because ag-
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FIGURE 14: Near-UV CD spectra of wild-type TTR (0.02 mg/mL)
at pH 7.0, 4.4, and 3.9 recorded in a 10 cm quartz cell using the
. . . conditions described in Materials and Methods.

gregated forms of TTR dissociate to monomer in an SDS

gel. consistent with our original interpretatior29). We have
The interpretation of the far- and near-UV CD data shown that Trp 79 is the primary contributor to the near-
collected at physiological concentration (0.2 mg/mL) at pHs UV CD spectrum in TTR, via Trp to Phe mutations that have
< 5 is complicated by the heterogeneity of the soluble TTR not yet been reported. Other data not outlined here support
(29). The nativelikes-sheet far-UV CD spectral properties  a tertiary structural rearrangement occurring remotely from
exhibited by TTR over the amyloid forming pH range Trp 79 in the C-strand-loop-D-strand regioh.(
represents an average property of all the TTR quaternary The original interpretation of the wild-type TTR fluores-
structural species in solution, including monomeric TTR. The cence denaturation curves as a function of pH is fully
current analytical ultracentrifugation data on wild-type, supported by the analytical ultracentrifuge results reported
V30M, and L55P TTR at low concentration (0.02 mg/mL)  within (29). The fluorescence experiments were carried out
demonstrates that monomeric TTR is the major speciesat 0.01 mg/mL, where self-assembly is not a significant
present at pH 4.4. As a result, we rerecorded far-UV CD problem below pH 5. Sedimentation experiments were
data at this lower concentration, which demonstrates that theattempted at 0.01 mg/mL where the fluorescence measure-
extent of 8-sheet structure is not significantly changed in ments were made; however, due to the absorption optics
the transition from tetrameric TTR (pH 7) to the monomeric used, a wild-type TTR concentration of 0.02 mg/mL was
amyloidogenic intermediate formed at pH 4.4, Figure 13, the lowest concentration where a good signal-to-noise ratio
consistent with our original interpretatio29). could still be obtained. The Trp-based fluorescence dena-
The far-UV CD spectrum of wild-type TTR at pH 2.0 turation curves for WT, V30M, and L55P TTR exhibit a
under physiological salt conditions indicates that the protein plateau region over the amyloid forming pH range, suggest-
at low concentration (0.02 mg/mL) exists as a mixture of ing the buildup of a monomeric intermediate(s) with an
p-sheet and random coil conformations, Figure 13. Sedi- altered tertiary structure, differing from the tertiary structure
mentation velocity data recorded under identical conditions observed at pH 7 and pH 2. The minor fluorescence
at pH 2 suggest that the wild-type TTR monomer is the major contribution from the partially assembled TTR amyloidogen-
species, along with minor oligomeric products derived from ic intermediate £5%) is not expected to change the spectral
the self-assembly of TTR monomer. It is possible that the interpretation because fluorescence measurements are rela-
TTR monomer under these conditions is largely unfolded, tively insensitive to quaternary structural changes, unless the
while the existence of the assembled form of TTR gives rise fluorophores are located at the interface, which is not the
to the observegi-sheet signal; however, this seems unlikely case here54).
on the basis of the numerous monomeric A-states character- The difference between the assembly of the TTR monomer
ized. Furthermore, the interpretation that the tertiary structure formed at pH 4.4 and pH 2 is that the tertiary structure in
is less well-defined at pH 2 is also consistent with the the monomer formed at pH 4.4 facilitates self-association
fluorescence date2). into a high-MW insoluble amyloid fibril, while the less-
The original interpretation of the near-UV CD spectral ordered low-pH monomer only associates into modest MW
changes exhibited by wild-type TTR (0.2 mg/mL) over the quaternary structures. Aggregation of proteins is generally
amyloid forming pH range is also complicated by self- assumed to be caused by the insolubility of the partially
assembly of the monomeric amyloidogenic intermedi28. ( denatured state. Exposure of the hydrophobic core results
Near-UV CD data recorded at a lower TTR concentration in less-specific interactions, leading to modest MW ag-
(0.02 mg/mL) as a function of pH (where self-assembly is gregates, as is the case when TTR assembles over the range
minimal) reveal a modest tertiary structural change upon of pH 3 to 2 in the presence of salt. In other cases aggregation
formation of the monomeric amyloidogenic intermediate. An has been shown to be highly specific, most likely resulting
intensity decrease is observed in the near-UV CD spectrumfrom the self-assembly of a structurally well-defined folding
upon changing the pH from 7 to 4.4 or 3.9; however, the intermediate 36, 55, 56, as in the case of TTR amyloid
maxima do not change in frequency, Figure 14. Hence, we fibril formation at pH 4.4 26, 29, 33. The self-assembly of
can conclude that the formation of the amyloidogenic a conformational intermediate appears to yield amyloid fibrils
intermediate does not involve marked tertiary structural and prion particles in a number of diseasés§, 26, 57
changes, at least in the region of Trp 79 in the short helix, 60). The results from this study, together with results from
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previous studiesl( 23, 24, 26-29, 32, 61-63), suggest that

the TTR amyloidogenic intermediate is a monomeric species

having a defined but nonnative tertiary structure that can
readily self-assemble into amyloid, likely through a ladder
of quaternary structural intermediates.
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