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ABSTRACT: Transthyretin (TTR) is a soluble human plasma protein that can be converted into amyloid by
acid-mediated dissociation of the homotetramer into monomers. The pH required for disassembly also
results in tertiary structural changes within the monomeric subunits. To understand whether these tertiary
structural changes are required for amyloidogenicity, we created the Phe87Met/Leul10Met TTR variant
(M-TTR) that is monomeric according to analytical ultracentrifugation and gel filtration analyses and
nonamyloidogenic at neutral pH. Results from far- and near-UV circular dichroism spectroscopy, one-
dimensional proton NMR spectroscopy, and X-ray crystallography, as well as the ability of M-TTR to
form a complex with retinol binding protein, indicate that M-TTR forms a tertiary structure at pH 7 that

is very similar if not identical to that found within the tetramer. Reducing the pH results in tertiary structural
changes within the M-TTR monomer, rendering it amyloidogenic, demonstrating the requirement for
partial denaturation. M-TTR exhibits stability toward acid and urea denaturation that is nearly identical
to that characterizing wild-type (WT) TTR at low concentrations (6:01L mg/mL), where monomeric

WT TTR is significantly populated at intermediate urea concentrations prior to the tertiary structural
transition. However, the kinetics of denaturation and fibril formation are much faster for M-TTR than for
tetrameric WT TTR, particularly at near-physiological concentrations, because of the barrier associated
with the tetramer to folded monomer preequilibrium. These results demonstrate that the tetramer to folded
monomer transition is insufficient for fibril formation; further tertiary structural changes within the monomer
are required.

Amyloid diseases are putatively caused by the aberrantstress {4—18), implying that these proteins are capable of
self-assembly of one of twenty human proteins or a frag- adopting conformations that are fibrilogenic.

ment(s) thereof into amyloid fibrilsl{-6). The twenty human Transthyretin (TTR)is a homotetramer composed of 127
amyloidogenic proteins share no apparent sequence, struCamino acid subunits characterized by 2,2,2 molecular sym-
tural, or functional h0m0|Ogy, yet they all form a similar metry_ TTR is found in human p|asma (e-m4 mg/mL)
crossp-sheet quaternary structurd, (8). In cases where  and cerebral spinal fluid (0.017 mg/mL), the plasma form
normally folded full-length proteins compose the fibrils (e.g., peing the amyloidogenic precursor. Plasma TTR binds to
transthyretin, lysozyme variants, immunoglobulin light chain, the retinol binding protein (RBP)vitamin A complex
andf3z-microglobulin), a denaturing stress and/or a mutation (typically <1 equiv/TTR tetramer), in addition to serving
leads to a conformational change affording an intermediate a5 a secondary carrier for the thyroid hormone thyroxine (5
that s'elf-ass'embles into amyI0|dL,(2, 59, 10). The 10% of the TTR binding capacity). Crystallographic analysis
amyloidogenic conformational intermediates that have beeneyeals that each subunit hasBasheet sandwich tertiary
characterized to date either are richArsheet structure or  strycture, one four-strandeft-sheet being stacked upon
have the capacity to become richfirsheet structure before  another four-stranded sheet. The subunits dimerize by
(11) or upon oligomerizationl2, 13). Recent studies reveal  intermolecular antiparallgb-sheet formation involving the
that several nonamyloidogenic proteins can also form amy- H and H strands (Figure 1). Dimerization of these dimers
loid fibrils when plaCEd UnderaSUﬁiCiently severe denaturing is mediated by AB-GH |oop interactions affording the
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These and other data make it clear that tertiary structural
changes within the monomer are required for TTR amyloid
formation.

MATERIALS AND METHODS

Protein Expression and PurificationThe F87M and
F87M/L110M (M-TTR) plasmids were prepared utilizing the
QuickChange site-directed mutagenesis procedure from
Stratagene (La Jolla, CA) using WT TTR DNA (Mé} as
the template. Mutations were verified by DNA sequencing.
Both the WT and mutant proteins were isolated and purified
from recombinant sources following previously described
proceduresZ7); all proteins were expressed as soluble forms
in the cytoplasm. These TTR variants were further purified
by gel filtration by employing a Superdex 75 gel filtration
column (Amersham Pharmacia, Piscataway, NJ). The yield

) ) ) ) after purification of M-TTR is high, usually10—30 mg/L
Ficure 1: Ribbon diagram of the TTR dimer, looking down at

the hydrophobic interface. The positions of the two residues (Phe87Of LB culture. Buffers composed of 50 mM sodium
and Leu110) that were mutated to Met to generate the monomericPhosphate, 100 mM KCI, and 1 mM EDTA were employed

variant are explicitly shown. The H strands from two adjacent for all the experiments unless otherwise mentioned. The
monomers form the hydrogen-bonded interface resulting in the concentrations of all protein solutions were determined by

dimer shown here. Two dimers then interact through hydrophobic the absorbance at 280 nm usingeaof 77 600 Mt cmt
interactions to form a tetramer involving strands A, D, and G as for WT TTR and M-TTR '

well as the loop between strands G and H. This figure was generated . . .
using the program Molscript@). 9 9 Nuclear Magnetic Resonanceéne-dimensional (1D)

proton NMR spectra were collected on 5.5 mg/mL TTR

Wild-type (WT) TTR amyloidogenesis putatively causes Samples in 50 mM sodium phosphate buffer (pH 6.3 and
senile systemic amyloidosis, characterized by deposition and25 °C) at 600 MHz. Water suppression was achieved with
pathology in the heart after age 609). Early onset amyloid ~ the watergate pulse sequence. _ _ .
formation (aS ear|y as the second decade) by one &0 Analyt|ca| U|tracentl’lfug_at|0nAll sedimentation experi-
single-site TTR variants appears to cause the diseasednents were performed using a temperature-controlled Beck-
collectively termed familial amyloid polyneuropathy (FAP) ~man XL-l analytical ultracentrifuge equipped with an An60Ti
(20), characterized by neuropathy and/or organ dysfunction. fotor and a photoelectric scanner. Typically, 02mg/mL
The FAP-associated variants characterized thus far (e.g.(28-8-144 tMmonome) M-TTR solutions at pH 7 (50 mM
V30M and L55P TTR), although tetrameric, are destabilized Phosphate, 100 mM KCl, and 1 mM EDTA) were used for
(21). This destabilization allows tetramer dissociation to the Poth sedimentation equilibrium and velocity experiments.
amyloidogenic monomeric intermediate to occur under the Sedimentation equilibrium measurements were taken using
influence of a mild denaturation stress (e.g., pH 5.2), where 120-140 uL volumes loaded into a double-sector cell
the WT TTR protein remains tetrameric and nonamy- €duipped with a 12 mm Epon centerpiece and sapphire or
loidogenic. A comparison of the WT TTR crystal structure guartz windows. Data were collected at a rotor speed of
to more than 10 FAP variants reveals that the tertiary and 2/ 000 rpm to allow equilibrium to be established across
quaternary structures are essentially identizd),(consistent  the Cell. After equilibrium was reached, 20 scans were taken
with the partial denaturation requirement for amyloidogen- &t @ Stép size of 0.001 cm and averaged. Data analysis was

esis. All of the FAP variants characterized to date adequatelyC@/Tied out using a nonlinear least-squares analysis in the
function as thyroid and retinol binding protein (RBP) ©rigin software package provided by Beckman. For sedi-

transporters; hence, there is no evidence that FAP is a |Oss_mentation velocity experiments, data were collected at speeds

of-function disease. of 3000 and 50 000 rpm in the continuous mode a0

) employing a step size of 0.001 cm. A direct boundary fitting
_ Even though a plethora of data support the hypothesis thaty ;) roach was applied to evaluate the sedimentation velocity
it is the alternatively folded TTR monomer that is amy-

. A o - data. The DCD¥# program was used to fit multiple
loidogenic, it has been difficult to eliminate the normally qncentration versus radial position data sets simultaneously.
folded monomer, dimer, and tetramer as possible amyloid the fitting algorithm yields the sedimentation coefficient and
precursors because low concentrations of these species mayifysion coefficient that affords the molecular mass using

exist under the acidic amyloid enabling conditioB8-(26). the following equation:
Herein, we engineer a monomeric variant of TTR using a
structure-based approach. A mutation is introduced into each MW = SRTD(1 — 7p) 1)

of the two different types of subunit interfaces described

above, which is envisioned to block tetramerization by steric where MW is the molecular mass (daltons,is the
clashing because of the conformational preferences of thesedimentation coefficient (in Svedbergs, 10s), R is the
Met side chain replacing the Phe87 and Leul10 side chainsuniversal gas constant (8.33410° erg/mol),v is the partial
(M-TTR). Studies on the normally folded monomeric M-TTR  specific volume (cubic centimeters per gram), and the
variant reveal that it is not amyloidogenic at pH 7; however, solvent density (grams per cubic centimeter). The buffer
partial acid denaturation enables rapid amyloid formation. density (1.00848 g/cthwas calculated from tabulated data.



11444 Biochemistry, Vol. 40, No. 38, 2001 Jiang et al.

The partial specific volume of M-TTR was estimated to be was diluted 1:1 with 200 mM buffer as well as 100 mM
0.7316 cni¥g, based upon the amino acid composition. KCland 1 mM EDTA at the pH of interest to obtain solutions
Samples used to test a small molecule (Flu and DBF) or with the desired TTR concentration. Citrate buffer was used
RBP—A binding to M-TTR were incubated at 3T for 2 h when a final pH of<3.4 was desired; phosphate buffer was
before the sedimentation velocity runs. For the RBP employed for evaluating amyloidogenesis at pH 6.2 and 7.0,
binding, samples were monitored at 330 nm using a partial and acetate buffer was used when the pH was between 3.8
specific volume of 0.73 cifg for the data fitting. and 5.8. The influence of small molecule inhibitors (64.8
Crystal Structure of M-TTRM-TTR (12 mg/mL) was uM Flu or DBF) was evaluated by adding them to a 0.4
mixed in a 1:1 ratio with buffer solution 6 [0.2 M Mg&l mg/mL TTR solution which was incubatedrf@ h (37°C)
0.1 M Tris buffer (pH 8.5), and 30% (w/v) polyethylene before the pH was dropped to 4.4 via a 1:1 dilution (acetate
glycol 4000] from crystal screen 1 (Hampton research) and buffer). All fibril formation samples were further incubated
covered with a drop of Al's oil. Crystals formed (0.2 mxn at 37°C for 72 h without stirring, except when time course
0.2 mmx 0.1 mm) in 2-3 days at room temperature. The data were collected, where samples were mixed and evalu-
crystals were then placed in a cryoprotectant composed ofated as a function of time at 3T with slight stirring. The
0.16 M MgCh, 0.08 M Tris buffer (pH 8.5), 24% (w/v)  extent of fibril formation was probed by turbidity measure-
polyethylene glycol 4000, and 20% (v/v) anhydrous glycerol ments at 400 nm on an HP 845x WVisible spectrometer
and flash-frozen in a 120 K liquid nitrogen cryostream. A equipped with a Peltier temperature-controlled cell holder.
DIP2030 imaging plate system (MAC Science, Yokohama, Single-time point samples (72 h) were vortexed immediately
Japan) coupled to an RU200 rotating anode X-ray generatorbefore the measurement.
was used for data collection. Data were reduced with  Thioflavin T (TFT) binding to M-TTR was also used to
DENZO and SCALEPACK. The SCALEPACK file was next  follow amyloid fibril formation at pH 4.4. For each sample,
converted to an MTZ file for further processing using CCP4. g 25,1 aliquot (sample vortexed to ensure a homogeneous
Denaturation Studies Monitoring Tryptophan Fluores- suspension) was taken out and mixed with pH 8 buffer (50

cenceFluorescence experiments were performed employing mM Tris, 100 mM KCI, and 1 mM EDTA), together with 2
an Aviv (Lakewood, NJ) model ATF105 spectrofluorometer. 4| of a TFT stock (1 mM) to reach a final volume of 200

Samples were excited at 295 nm with a bandwidth of 1 nm 4| with a final TFT concentration of 1@M. The mixture

for 0.1 mg/mL samples and 2 nm for 0.01 mg/mL samples, was then excited at 440 nm, and the fluorescence emission
whereas fluorescence emission spectra were recorded fromntensity at 482 nm was recorded.

310 to 410 nm with a bandwidth of 6 nm. TTR (0.01 mg/ ANS BindingThe binding of ANS to TTR was performed

mL, pH 7) was subjected to chemical denaturation 1€} in TTR solutions (0.1 mg/mL) containing 1001 ANS. The
samples were incubated in urea or GAnHCI for 24 (M-TTR) aycitation wavelength was set at 370 nm employing a

or 96 h (WT TTR) before data collection. Incubation inurea panqwidth of 2 nm: emission spectra were recorded from
beyond 96 h was avoided since it will lead to excessive gnog tg 420 nm with a bandwidth of 6 nm.

covalent modification of the protein samples. Renaturation
samples (0.4 mg/mL) were incubated in eit®eM urea or
7.5 M GdnHCI for 96 h before dilution to the desire
denaturant and TTR concentration (0.01 mg/mL). Diluted
samples were incubated at 2& for 24 h before data

collection. The ratio between the fluorescence intensity at
355 (exposed Trp) and 335 nm (buried Trp) was used to
asses the extent of protein denaturation. Fks/Fs3s ratio

Electron Microscopy.Long-term storage samples em-
d ployed in the electron microscopy experiments were obtained
by storing concentrated TTR solutions10 mg/mL) in pH
7 buffer at 4°C for more than 2 weeks. The solution was
then subjected to analytical size-exclusion chromatography
using a Superdex75 column; soluble aggregates from the
elution were collected and buffer exchanged with 50 mM
d phosphate, 100 mM KCI, and 1 mM EDTA. EM samples

ranges from 0.8 to 1.3 for solvent-exclu_ded (folded) and on fibrils formed under acidic conditions (pH 4.4) were taken
totally exposed (denatured) tryptophan residues, respectlvely.from the fibril formation assay containing 0.2 mg/mL

In cases where the fluorescence intensity changes dramati-

) : M-TTR. EM samples were prepared on a glow-discharged
cally (pH-induced denaturation), the global fluorescence was ; . . =
. . 4 carbon-coated grid and stained with uranyl acetate. A Phillips
calculated using the following equation and the value was

used to assess the extent of denaturation: CM-100 electron microscope was used to examine the grids.
' All electron micrographs were taken at-8000 kV.
S (Fk)

RESULTS

global fluorescences (2)
zFi Design of a Monomeric Variant of Transthyretin (TTR).
It is presumed that the conformational preferences of the
whereF; is the fluorescence intensity at wavelengthwhich F87M and L110M mutations on the two-+H' fS-sheet
ranges from 310 to 410 nm with 1 nm intervals. interfaces and the two ABGH loop interfaces, respectively,
Circular Dichroism Spectroscopy¥he CD spectra of TTR  hinder tetramer formation by the steric requirements of the
were recorded on an Aviv model 202SF spectrometer. Far- Met side chain. Phe87 is positioned at the beginning of the
UV CD experiments (206250 nm) were carried out with  F strand (directly below the H strand in the tertiary structure),
0.1 mg/mL TTR samples (pH 7) ugim 2 mmquartz cuvette,  whereas Leull0 is at the end of strand G, proximal to the
while 0.4-0.6 mg/mL samples were used for near-UV hydrophobic interface mediated by the GH loop (Figure 1).
experiments (256320 nm), using a 10 mm path length cell. Both residues have side chains pointing toward neighboring
Fibril Formation AssayA TTR stock solution [in 10 mM subunits, hence the presumed steric impediment to quaternary
sodium phosphate, 100 mM KCI, and 1 mM EDTA (pH 7)] structure formation. These semiconservative hydrophobic
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‘é Ficure 3: Analytical size-exclusion chromatographs of 0.1 mg/
2 mL (pH 7) samples of (a) WT TTR, (b) M-TTR, and (c) F87M
< TTR.
0.04 agreement with the expected MW (13.89 kDa) of a TTR
v monomer. The residuals (difference between the experimental
Pra— . T r 1, data and the fit dictated by eq 1) are small and random,_
: Radius (cm) : : demongtratlng the appropriateness qf the m.odel. Thg ;edl—
mentation velocity data afford a sedimentation coefficient
b o3 (Sow) of 1.45 S, corresponding to a MW of 13.18 0.1
kDa, consistent with a monomeric structure (Figure 2b).
0254 Previous velocity studies on TTR monomers produced by
) denaturing conditions provide a range of sedimentation
coefficients &ow= 1.2—1.8 S) flanking the value observed
0.2 for M-TTR (24). The analytical ultracentrifugation experi-
. ments demonstrate that M-TTR B95% monomeric in
@ .15 solution over a concentration range of Z® to 0.1 mM;
o in fact, no tetramer can be detected.
Three TTR quaternary structures can be resolved by
0.1 Superdex 75 analytical gel filtration chromatography: the
tetramer, the monomer, and high-molecular mass soluble
0.05- oligomers (MW> 2 million Da). These bands were assigned
through calibration using MW standards and the assignments
S verified by performing analytical ultracentrifugation studies
O T T T on the collected fractions. At neutral pH, freshly purified
115 2 25 3 35 4 455 WT TTR and the M-TTR variant elute exclusively as a
Szo,w tetramer and monomer, respectively (Figure 3a,b). To make

] . . . . sure that the coexistence of tetramer and monomer could be
FiGure 2: (a) Sedimentation equilibrium analysis of M-TTR (0.4 ; .
mg/mL). The solid line is the fitting result employing a single- deteCted_ chromatpgraphlcally, we characterized t,he F87M
ideal species model using a nonlinear least-squares analysis withT TR variant previously demonstrated to be a mixture of
the Origin software and fitting to the experimental daty.(The tetramer and monomer by analytical ultracentrifugation
random residuals (difference between experimental and fitted data)analysis. The F87M TTR variant eluted from the column as

are shown in the top panel. (b) Sedimentation coefficient distribution : ; : :
of M-TTR (0.4 mg/mL) determined by a sedimentation velocity two peaks, consistent with the retention time of tetramer and

experiment. The solid line represents the single-species fit to the Monomer, respectively (Figure 3c). Electrospray—+\S
experimental datad) using the DCDH- program 44). analysis confirmed that both peaks are full-length F87M

TTR. The Stokes radiudz§) was estimated to be 19.5 and
replacements are not likely to dramatically alter the confor- 32.3 A for M-TTR and WT TTR, respectively, based on a
mation of the monomer or interfere with the aberrant self- calibration curve generated from a set of global proteins with
assembly process required for TTR amyloid fibril formation. known Rs values, using standard procedur2s)(

Quaternary Structure of F87M/L110M (M-TTR) or Lack Since TTR subunits are a component of a quaternary
Thereof. Analytical ultracentrifugation analysis and gel structure comprised of as many as 10 molecules [4 mol of
filtration chromatography were employed to characterize the TTR, 2 mol of thyroid hormone or a thyroid mimetic, and 2
quaternary structure (or lack thereof) of the recombinant mol of the 21 kDa retinol binding proteifvitamin A
Phe87Met/Leul10Met TTR variant (M-TTR). The M-TTR complex (RBP-A)] in human plasma, it was desirable to
variant (28.8uM) was subjected to both equilibrium and test whether it would be possible to make monomeric M-TTR
velocity analytical ultracentrifugation studies at ZD(Figure assemble into a tetramer by adding its binding partners.
2). The equilibrium data fit very well to a single-ideal species Flufenamic acid (Flu) and 4,6-dibenzofurandicarboxylic acid
model, yielding a MW of 13.81 0.31 kDa, in excellent  (DBF) are thyroid mimics that bind to tetrameric TTR with
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a nanomolar dissociation constant. These small molecules
are known to inhibit TTR amyloid fibril formation through

a tetramer stabilization mechanisg9(30). While less than
10% of the M-TTR (28.8(M) forms a tetrameric quaternary
structure in the presence of 144 Flu or DBF, ~50% of

the protein adopted a tetrameric quaternary structure when
the small molecule concentration was increased to 6¥\3
based on sedimentation velocity analyses. This demonstrates
that an appropriate ligand can shift the equilibrium toward
the tetramer, providing further evidence of the efficacy of
these small molecule inhibitors as tetramer stabilizers.

Monomeric M-TTR (36uM monomer 0.5 mg/mL) is shifted
to a tetrameric TTR quaternary structure when mixed with
RBP—A (9 uM). The dominant species detected by sedi-
mentation velocity studies hasSy,, value of 4.86 corre-
sponding to a MW of 68.6t 0.5 kDa (data not shown),
consistent with a protein complex made up of one RBP
molecule and four subunits of M-TTR. The crystal structure
of the (RBP-A),WT TTR complex reveals extensive
surface contacts between the two proteins; in fact, each RBP
is in contact with three different subunits in the WT TTR
tetramer 81, 32). Therefore, it is not surprising that RBP
can induce M-TTR to adopt a tetrameric quaternary structure.

Recently, we discovered that anions, including,CGire
able to bind to the TTR tetrametg), dramatically stabilizing
this quaternary structure. While a buffer containing 1.5 M
Cl~ was capable of saturating the Ghteraction sites in
the tetrameric TTR, rendering the protein nonamyloidogenic
(pH 4.4) and not denaturable by urea, anion binding was
unable to shift M-TTR to a tetramer, based on a sedimenta-

Jiang et al.
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tion velocity analysis (data not shown).

Secondary and Tertiary Structures of M-TTR Refatio
WT TTR.The circular dichroism (CD) spectrum of mono-
meric M-TTR is virtually identical to that exhibited by
tetrameric WT TTR, the 215 nm minimum being typical of
a protein having a predominarft-sheet rich secondary

structure (Figure 4a). The fluorescence emission spectra are

also nearly identical (Figure 4b). The 1D proton NMR
spectrum of M-TTR has chemical shift dispersion very

similar to that exhibited by the WT tetramer possessing 2,2,2

molecular symmetry (Figure 4c). The far-UV CD, fluores-

cence, and 1D proton NMR spectral similarities suggest that

the secondary and tertiary structures in M-TTR and WT TTR
are very similar if not identical.

1-Anilino-8-naphthalenesulfonate (ANS) is a commonly
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used fluorescent probe for detecting solvent-exposed hydro-gigyre 4:  Spectroscopic comparisons of M-TTR and WT TTR.

phobic residues in protein8%). While folded proteins do
not typically bind ANS, tetrameric WT TTR binds 2 equiv
of ANS in its thyroid hormone binding channel, enhancing
ANS fluorescence intensity (Figure 5). Unlike the WT
tetramer, M-TTR does not bind ANS at pH 7, consistent

(a) Far-UV CD spectra and (b) Trp fluorescence emission scans
for 0.1 mg/mL M-TTR @) and the WT TTR Q) at 25°C. (c) 1D
proton NMR spectra of M-TTR (top) and WT TTR (bottom).

and 2.1 A, with arRqe 0f 27.55% (Protein Data Bank entry
1gko). The M-TTR model has a root-mean-square devia-

with a folded structure lacking exposed hydrophobic surface tion from ideal protein geometry in bond length of 0.010 A

area. The inability of ANS to dramatically shift monomeric
M-TTR to a tetramer is clear.

Crystal Structure of M-TTRCrystals of M-TTR belong
to space grougP2,;2,2; with four M-TTR subunits (two
dimers) in each asymmetric unit with the following unit cell
dimensions:a = 64.73 A,b = 83.30 A, andc = 88.13 A.
This is different from the WT TTR crystal which has a
P2,2,2 space group29). The crystallographidr-factor of
M-TTR was refined to 22% for all reflections between 12

and bond angle distances of 1.54 A. A PROCHECK
calculation shows that all main chain dihedral angles are in
the allowed regions. Overall, the solution of the X-ray crystal
structure of M-TTR reveals that its tertiary structure is nearly
identical to that of WT TTR (Figure 6), confirming the results
presented above. It is interesting that M-TTR crystallizes as
a tetramer. However, it is not surprising given the high
concentrations reached in the precipitant and the very similar
M-TTR and WT TTR tertiary structures.
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superimposed with the conformation exhibited by WT TTR
(22, 34).

The tetrameric crystal structure of M-TTR as well as the
conformational heterogeneity exhibited when comparing
subunits within the tetramer may be a reflection of the
existence of a “crystallization artifact”, i.e., the observation
of quaternary structure that is not populated in solution due
to protein—protein contacts within the crystal lattice. It is
conceivable that such an artifact may also mask differences
between TTR mutants, providing a putative explanation for
why so many variants, amyloid-forming and non-amyloid-
forming alike, do not exhibit significant structural differences

RN L (22). On the other hand, the fact that M-TTR crystallizes in
400 450 500 550 600

Relative Fiuorescence Intensity

a different space group than WT indicates that the altered
Wavelength (nm) conformation of the FG loop region is significant.
FiIGURE 5: Fluorescence emission spectra of 200 ANS in pH Folding Thermodynamics of M-TTR Relagito WT TTR.

7 buffer (x), in the presence of 0.1 mg/mL WT at pH@)( in the Trp fluorescence was used to monitor GdnHCI and urea-
presence of 0.1 mg/mL M-TTR at pH M, 4.4 (1), and 3.6 &), induced denaturation of M-TTR. There are two tryptophan
and in the presence of M-TTR after long-term stordge Samples . . .
were excited at 370 nm. residues in TTR, Trp-41 and Trp-79 (the latter is quenched
in the folded state)35). In WT TTR and M-TTR, the Trp
fluorescence exhibits a red shift (from 337 to 358 nm) and
an intensity increase upon chaotrope denaturation (Figure
7a). GdnHCI denaturation and reconstitution of WT TTR
have been reported previousB3j. Dramatic hysteresis was
observed when comparing the GdnHCI denaturation curves
to dilution-induced refolding curves where the midpoints of
denaturation and reconstitution aré and <2 M, respec-
tively (Figure 7b).C, symmetric anion interaction sites in
the WT TTR tetramer account for the dramatic hysteresis
observed in ionic denaturantd5). Since Ct ion binding
stabilizes the protein, counteracting the guanidinium ion
during denaturation, it seems reasonable that the refolding
curve (with a midpoint at<2 M GdnHCI) represents the
“true” stability of the WT TTR tertiary structure. Urea-
mediated denaturation of WT TTR(Q.1 mg/mL) is revers-
ible (Figure 7c), although the approach to equilibrium under
unfolding conditions is very slow (days), particularly at high
TTR concentrations. The urea denaturation curves for WT
TTR are concentration-independent in the 6:011 mg/mL
range. This indicates that the tetramemonomer preequi-
librium apparently required for denaturation by urea is not
detected by Trp fluorescence, consistent with data shown in
Figure 4b that indicate indistinguishable Trp fluorescence
emission scans for M-TTR and WT TTR. The urea dena-
turation curves are recorded in the presence of 100 mM KCl
FicURE 6: Ribbon diagram of chain A from the crystal structure and 50 mM sodium phosphate buffer (pH 7) unless otherwise
of M-TTR (PDB entry 1gko). The color coding indicates the pntad.
deviation of G atoms relative to the WT TTR structure. The urea- and GdnHCl-induced denaturation- and dilution-
Subtle differences are observed when comparing M-TTR induced refolding curves for M-TTR exhibit fully reversible
and WT TTR crystal structures, with backbong &oms and highly cooperative transitions. The GdnHCl-induced
deviating from 0.2 to 1.4 A. It is clear from Figure 6 that denaturation of M-TTR (Figure 7b) relative to that of urea
most of the deviations are observed on strands F, G, and H(Figure 7c¢) occurs at a much lower chaotrope concentration
and on the interfaces between the subunits. This is consistenin keeping with the known potency of GdnHCI, consistent
with the design of M-TTR where the interfaces are desta- with the expectation that the monomeric structure of M-TTR
bilized. Moreover, almost all the loops between the strands is incapable of taking advantage of the @duced stabiliza-
exhibit obvious deviations. Interestingly, heterogeneity is tion available to the WT tetramer. Even though the urea-
exhibited when comparing subunit A (identical to subunit induced denaturation curves of M-TTR and WT TTR are
C) and subunit B (identical to subunit D) in the M-TTR almost identical, the approach to equilibrium is dramatically
crystal structure, especially in the FG loop region. While faster for M-TTR. Stopped-flow experiments show that the
the FG loop in the A or C subunit of M-TTR can be half-life of unfolding and folding for M-TTR is between 10
superimposed with that of WT TTR, that in the B or D and 200 ms in both urea and GdnHCI (detailed kinetic studies
subunit resembles the FG loop in L55P TTR and cannot be will be published elsewhere), compared to the much longer
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Ficure 8: Fibril formation of M-TTR and WT TTR (0.2 mg/mL)
as a function of pH. Thg-axis is the fraction of fibril formation
determined by turbidity at 400 nm (M-TTR and WT TTR) and
thioflavin T binding (M-TTR). Samples were incubated at 7
for 72 h before the assay. (a) M-TTR and WT TTR amyloidoge-
nicities probed by turbidity are represented by black and hatched
bars, respectively, while data from TFT binding probing M-TTR
amyloid formation are represented by dotted bars. (b) Small
molecule TTR inhibitors, Flu and DBF, do not inhibit fibril
formation of M-TTR at pH 4.4 and 37C.

whereas in GdnHCI, the values are 340.4 kcal mot?
and 3.1+ 0.3 kcal mot!* M2, respectively.

M-TTR AmyloidogenicityThe M-TTR variant does not
form fibrils spontaneously at neutral pH, even at a concentra-
tion as high as 15 mg/mL (1 mM) over a period of several
days when stored at 4C, demonstrating the necessity for
partial denaturation. Tetrameric WT and monomeric M-TTR

turbidity at 400 nm (M-TTR amyloidogenicity also quantified

h at room temperature before analysis. Emission spectra werepy thioflavin T binding) (Figure 8a). Electron microscopy

collected at 25C on 0.01 mg/mL protein solutions; samples were
excited at 295 nm. (a) Emission spectra of M-TTR with 0 M
denaturant<), 7 M GdnHCI (—-—), and 7.5 M urea (- - -). (b)

and TFT binding confirm the amyloid-like structure of the
assemblies of M-TTR formed at pH6 (see below). The

GdnHCI- and (c) urea-induced denaturation curves (blackened pH-dependent amyloidogenicities of WT TTR and M-TTR
symbols) and refolding (open symbols) of M-TTR (circles) and are similar, but not identical, M-TTR being able to self-
WT TTR (triangles), created by plotting the ratio between fluo- 555emble at slightly higher pH values and over a broader

rescence intensity at 355 and 335 nm as a function of denaturant
concentration. Solid lines through the M-TTR denaturation data

range, consistent with the absence of the tetratfidded

are fitted to a two-state model, while the dotted lines through the monomer preequilibrium that influences WT behavior. For

WT data are smoothed curves to facilitate viewing.

example, 0.2 mg/mL M-TTR forms amyloid fibrils at pH
>5 unlike the WT tetramer which cannot efficiently dis-

periods required to denature tetrameric WT TTR (days), as sociate to the amyloidogenic intermediate until a pH<&f
a result of slow tetramer dissociation. When fitted to a two- is reached 35, 36).

state model, M-TTR exhibits AG, value of 5.5+ 0.8 kcal
mol~! and anm value of 1.7+ 0.2 kcal mot* M~1in urea;

Fibril formation from WT TTR can be completely
inhibited by adding 2 equiv of small molecule inhibitors such
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Ficure 9: Electron microscopic images of M-TTR samples made
from (a) 0.2 mg/mL M-TTR incubated at 3T for 72 h at pH 4.4

in acetate buffer. (b) Soluble aggregates isolated from a 15 mg/
mL sample stored in 10 mM Tris buffer at pH 7.4 and@ for 3
weeks. The scale bar is 200 nm.

as Flu and DBFZ9, 30); RBP binding also modestly inhibits
WT TTR fibril formation (J. White et al., unpublished
results). The mechanism of both types of inhibition is by
tetramer stabilization. Even though analytical ultracentrifu-
gation analysis demonstrates tetramer formation of M-TTR
upon addition of RBP or thyroxine mimics at concentrations
above physiological, addition of the ligands at 2-fold the
physiological concentration does not significantly inhibit
M-TTR fibril formation, judged by either the amount of
fibrils formed or the rate at which the fibrils form (Figure
8b). This could simply be a reflection of the intrinsically
unstable tetrameric structure formed by M-TTR, even in the
presence of the ligands.

Electron microscopy (EM) was utilized to evaluate the
products of M-TTR self-assembly. Studies have shown that
the most pathogenic variant, L55P, forms fibrils at low pH
and protofilaments under physiological conditions upon long-
term storage47). Electron microscopy evaluation demon-
strates that M-TTR forms mature fibrils at pH 4.4 (Figure
9a), while soluble aggregates formed from M-TTR after long-
term storage at 4C are filaments (Figure 9b). Filaments
may or may not be on the pathway toward mature fibril
formation.

Kinetics of M-TTR Amyloid Fibril FormatiorSince the
rate-determining step of WT TTR amyloid fibril formation

appears to be tetramer dissociation, we expected a dramatif

difference in comparing its rate to that of monomeric M-TTR.
At pH 4.4 (37°C), where both M-TTR and WT TTR exhibit
a near-maximal yield of fibrils, the M-TTR variant forms
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Ficure 10: Time course of TTR self-assembly into fibrils at pH
4.4 (37°C). (a) Comparison of the turbidity changes (400 nm) for
M-TTR (®) and WT TTR () (0.2 mg/mL) as a function of time.
The inset is a blowup of the M-TTR time course for the first 50
min. (b) M-TTR (0.2 mg/mL) fibril formation monitored by both
turbidity at 400 nm @) and TFT binding using fluorescence
emission intensity at 482 nm (tilted triangle). The maximum
turbidity and fluorescence values this sample can reach (after
incubation for 72 h at 37C) are 1.4 and 0.9, respectively. (c)
Concentration-dependent fibril formation of M-TTR at 0&)(0.2
(@), 0.1 ), and 0.05 mg/mL @). The inset compares 0.2 mg/
mL M-TTR without seeding®) or seeded with 2% M-TTRX)
nd WT (n) fibrils. Solid lines are the real data, and symbols
epresent 10% of the data points.

completed withm 1 h ¢2 ~ 12 min) (Figure 10a). Mono-
meric M-TTR amyloidogenesis detected by TFT binding is

fibril much faster than the WT (Figure 10). While the time slightly slower (Figure 10b). Interestingly, amyloidogenesis
course of WT TTR (0.2 mg/mL) amyloidogenesis requires detected by TFT binding does not indicate any sign of lag
72 h to plateaut{, ~ 15 h) 35), M-TTR fibrillization is phase, suggesting fibrillization is instantaneous. This cannot
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Ficure 12: Near-UV CD scans of 0-40.55 mg/mL M-TTR (@)
and WT TTR (b) at pH 7@), 4.4 ©), and 3.6 {). The inset in
panel a shows the far-UV CD scans of 0.1 mg/mL M-TTR at the
same pH values.

Ficure 11: pH-dependent structural changes of M-TTR monitored
by far-UV CD molar ellipticity (degress per square centimeter per
decimole) at 234@) and 215 nm®) (top panel). The bottom panel
illustrates pH-dependent tertiary structural changes monitored by
Trp fluorescence&). The pH 4.4 data point may have a contribution o . .
from high-molecular mass soluble aggregates. <5, indicating that fluoresence is more sensitive to the

conformational changes leading to the formation of the

be discerned by turbidity because the particles are not largeamyloidogenic intermediate than is far-UvV CD. When the
enough to scatter light at< 3 mins. pH is reduced to<4, M-TTR forms an alternative conforma-

M-TTR but Not WT TTR Amyloid Fibril Formation Is tion with higher -sheet content and maximally exposed
SeedablePrevious attempts at seeding WT TTR amyloid tryptophan residues that is less amyloidogenic (Figures 8a,
fibril formation were not successful, presumably due to the 11, and 12).
fact that tetramer dissociation is the rate-determining step, Near-UV CD studies were also employed to evaluate pH-
not fibril growth (35). However, the rate-determining step dependent tertiary structural changes (Figure 12). Over the
should change for M-TTR, and in fact, M-TTR is susceptible pH range where TTR is not amyloidogenic (pH #%0),
to a rate increase by seeding by either M-TTR or WT TTR WT TTR exhibits two maxima at 283 and 291 nm (Figure
fibrils (inset of Figure 10c). Furthermore, the initial rate of 12b) @5). The intensities of these maxima decrease as the
fibril formation increases dramatically with M-TTR concen- pH is reduced to the range where the monomeric amy-
tration, accompanied by the shortening of the lag phase with loidogenic intermediate is produced (pH 8). As the pH is
increasing concentration (Figure 10c). reduced to<4, a broad negative peak centere@78 nm

M-TTR pH-Dependent Structural Changes Are Required appears at the expense of the two maxima, eventually
for AmyloidogenicityThe pH-dependent structural changes becoming the dominant signal at pH-2 (35) (Figure 12b).
enabling M-TTR to form fibrils were studied using CD and The near-UV CD spectra of 0-4.6 mg/mL M-TTR at pH
fluorescence spectroscopy. Over the pH range 6,9 7 (25°C) exhibit the maxima of the WT spectra as well as
M-TTR adopts a native structure according to far-UV CD a broad minimum~270-276 nm (Figure 12a). The char-
and Trp fluorescence measurements, consistent with itsacteristic positive peaks indicate that M-TTR and the
inability to efficiently form amyloid fibrils (Figure 8a). A° monomeric subunit in the WT tetramer exhibit similar tertiary
transition is observed at pH6 by fluorescence (tertiary  structures. The broad negative peak is likely a result of the
structure) and pH<5 by far-UV CD (secondary structure) fact the M-TTR does not assemble into a tetramer and thus
(all spectra were recorded at 268 where there is little or ~ has a different environment around some of the Trp and Tyr
no fibril formation) (Figure 11). Fibril formation at 37C is residues. Nevertheless, under acidic conditions, both M-TTR
easily observed at pH6 and becomes very efficient at pH and the WT TTR [previously shown to be predominantly
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monomeric at pH 4.41)] go through very similar if not mediated denaturation mechanism; hence, seeding which
identical tertiary structural changes based on spectral simi-speeds up nucleation has no effe89)( whereas seeding
larities, indicating very similar amyloidogenic tertiary struc- enhances the rate of M-TTR fibrillization because nucleus
tures. While ANS does not bind to M-TTR at pH 7, it does formation is now one of the rate-limiting steps.
bind over the amyloid-forming range (e.g., at pH 4.4), Ligands that enhance TTR tetramer stability shift the
indicating an increased level of exposure of hydrophobic tetramer to folded monomer equilibrium toward tetramer and
surface, consistent with the pH-dependent tertiary structural likely increase the activation barrier of dissociation and thus
changes. At pH 3.6, ANS strongly binds to M-TTR (in- slow the rate of folded monomer production, required but
creased fluorescence intensity and a blue shift in the emissionnot sufficient for fibril formation. The kinetics of fibrillization
maximum), characteristic of a molten globular structure that of M-TTR are much faster because the tetramer to folded
is dramatically less amyloidogenic (Figure 5). The increased monomer preequilibrium does not play a role. This preequi-
secondary structural content and lack of a rigid tertiary librium has a significant kinetic barrier associated with it,
structure exhibited by TTR at such low pH (Figure 12a) are evident from subunit exchange experiments recently pub-
also typical of a molten globule conformatio®7( 38). lished @0). The rate is strongly influenced by ions, and small
and macromolecular ligands.
DISCUSSION Is Monomeric TTR Accumulation Responsible for Fibril
Folded Monomeric M-TTR Is Not Amyloidogenic; How- Formation in Vvo? Some in vitro studies based on gel
ever, pH-Mediated Partial Denaturation Leads to Fibril filtration-isolated monomeric WT, V30M, and L55P TTR
Formation.M-TTR adopts a monomeric structure in aqueous suggest that the monomer is not in equilibrium with the
solution according to analytical equilibrium ultracentrifuga- tetramer 41, 42); however, it is necessary to exclude other
tion and gel filtration studies. The monomer and tetramer reasons for this observation. The reversibility of unfolding
appear to be in equilibrium, although the tetramer concentra-and refolding (using urea, GdnHCI, and pH) of WT TTR
tion is so low that it is not observable unless an appropriate and the demonstration that tagged and untagged WT TTR
tetramer-binding ligand is added. The equilibrium can be exchange subunits by a dissociative mechanism (presumably
shifted toward the tetramer by adding small molecule through the folded monomer) suggest that the monomer can
inhibitors (thyroxine mimics) or retinol binding protein, albeit reassemble into the tetramet0f. There may be circum-
at concentrations of protein and ligand slightly above those stances where the tetramer and monomer are not at equilib-
that are physiologically relevant. We interpret this to mean rium because of modulation of the kinetic barriers associated
that M-TTR has a monomeric native tertiary structure with the tetramer to monomer equilibrium by other molecules
(confirmed by NMR and fluorescence studies) that can be and ions, and this is being further explored. It is clear that
driven to self-assemble by adding ligands or crystallizing this issue is important because the accumulation of mono-
the protein at high concentrations (M-TTR crystallizes as a meric TTR in vivo is dangerous because of low kinetic
tetramer). The monomer can form amorphous aggregatesbarrier associated with its amyloidogenicity.
after long-term storage at neutral pH; however, M-TTR does
not spontaneously form fibrils on a biologically relevant time CONCLUSION
scale f;», = 8—18 h) at pH 7. Thus, the normally folded
TTR monomer is not amyloidogenic. The very low yield of
unstructured aggregates formed after a lengthy incubation

period likely arises from the equilibrium ratio between the associated with amvloi s

) yloidogenicity and to understand the
folded ar_1d unfolded state t_ha_\t may pe as low as 1000:1. \inetics and thermodynamics of denaturation and amy-
Irrespective of whether a distinction is made between the loidogenicity

fibrillar aggregates formed under acidic conditions or

amorphous aggregates inefficiently formed after extended ACKNOWLEDGMENT
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