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ABSTRACT. Deposition off3-amyloid (A3) fibrils is an early event in the neurodegenerative processes
associated with Alzheimer’s disease. According to the “amyloid cascade” hypothgsaggkegation,

and its subsequent deposition as fibrils, is the underlying cause of disgageasroteolytic product of

amyloid precursor protein (APP); several mutations in APP have been identified that are associated with
early onset of disease. Transgenic mice overexpressing APP with the Swedish mutation develop numerous
plagues but, surprisingly, lack the neurofibrillary tangles and neuronal loss characteristic of Alzheimer’'s
disease, in apparent contradiction of the amyloid cascade hypothesis. However, recent studies suggest
that coproduction of SARE an alternative proteolytic product of APP, increases synthesis of transthyretin
that, in turn, interacts directly with Ato inhibit its toxicity. Here we report results from biophysical
analysis of A8 aggregation kinetics in the presence of transthryetin. At substoichiometric ratios, transthyretin
drastically decreased the rate of aggregation without affecting the fractio afi e aggregate pool.
Detailed analysis of the data using a mathematical model demonstrated that the decrease in aggregation
rate was due to both a decrease in the rate of elongation relative to the rate of initiation of filaments and
a decrease in lateral association of filaments to fibrils. Tryptophan quenching data indicated that transthyretin
binds weakly to 48, with an estimated appareKis of 2300 M~1. Taken together, the data support a
hypothesis wherein transthyretin preferentially binds to aggregated rather than monofharid Arrests

further growth of the aggregates.

Alzheimer's disease (A is the most prevalent form of  ments, they discovered that the mRNA of transthyretin
age-associated dementia, characterized by extracellular senil€TTR), a transport protein abundant in blood and cerebrospi-
plaques, intraneuronal neurofibrillary tangles, and widespreadnal fluid (CSF), was increased 30-fold in the hippocampus
neuronal cell death. The main protein component of the senileand 3-fold in the cerebellum in ARR mice compared to
plaques ig3-amyloid (AG), deposited as fibrillar aggregates. controls 7). Furthermore, they demonstrated that s&PP
According to the “amyloid cascade hypothesis”, accumula- induced the increase of TTR expression, and that anti-TTR
tion of Ag fibrils is an early and essential event in the AD antibody destroyed the protective effect of sAP&gainst
neurodegenerative proces.( Ap-induced cell death8). Hence, their data suggest that

Ap is generated whefi- andy-secretases cleave a large APPs,, mice produce high levels of bothgXproduct of the
transmembrane protein, amyloid precursor protein, or APP §- and y-secretase cleavage of APP) and s&RProduct
(2). Alternative cleavage of APP by-secretase generates of a-secretase cleavage of APP); the latter increases TTR
sAPRy, a fragment that is not amyloidogenic and may be production which in turn protects the cells frongA
neuroprotective3, 4). The Swedish mutation of APP, ABR TTR, a 55 kDa homotetramer, is the major protein in CSF
is associated with increasegdAleposition and early onset and is also found in human plasma, serving as the main
Alzheimer’s disease. Transgenic mice overexpressings@PP transporter of thyroid hormones from the blood stream into
develop numerous A amyloid depositsg), but lack the CSF. In plasma, it is involved in transport of retinol-binding
neurofibrillary tangles and neuronal cell loss characteristic protein ©). TTR is stable at physiological pH, but readily
of AD (6). These findings seemed to contradict the amyloid aggregates into amyloid fibrils under acidic conditions;
cascade hypothesis. However, Stein and Johnson hypothseveral mutants that form fibrils at neutral pH have been
esized that the ARRR mice were mounting a neuroprotective discovered 10). Amyloid deposits of both wild-type and
response to A expression{). By DNA microarray experi- mutant TTR are disease-associated: wild-type TTR fibrils
are observed in late-onset systemic senile amyloidddjs (
TThis work was supported by Grant [IRG-05-13270 from the while mutant TTR fibrils are linked to familial amyloid
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transthyretin. for the inverse association between cigarette smoking and

10.1021/bi0618520 CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/19/2006



Transthyretin Inhibition of & Aggregation Biochemistry, Vol. 45, No. 51, 20065703

AD (16). Estrogen protection against AD was related to calculated from its peak area using an extinction coefficient
increased synthesis of TTR in the choroid plexds)( of 0.3062 (mg/mL)* cm™ (24). BSA was used to calibrate
TransgenicCaenorhabditis elegansematodes expressingdA  the relationship between peak area and concentration: the
produced muscle-specific deposits immunoreactive with A concentration of a BSA solution was determined by absor-
antibodies, but strains coexpressing &nd TTR showed a  bance at 280 nm using an extinction coefficient of 0.667
dramatic reduction in those deposits8). Finally, several (mg/mL)"* cm™%, and then a known volume was injected
groups demonstrated directly thaAassociates with TTR ~ onto the column and the peak area determined. The TTR
(19-23). peak was collected and concentration was measured with
Taken together, these data have led to the hypothesis thathe BCA assay (Pierce, Rockland, IL).
Ap is normally sequestered by TTR and that the failure of ~ Laser Light ScatteringCuvettes were placed in a bath of
this sequestration contributes to development of A 20). the index-matching solvent decahydronaphthalene, with the
However, few details are known about the mechanism by temperature controlled at 28. Dynamic and static light
which TTR inhibits aggregation of A In work reported scattering measurements were taken, using a Coherent (Santa
here, we examined the size and morphology ¢f &ggre- Clara, CA) argon ion laser operated at 488 nm and a Malvern
gates, and the kinetics offfaggregation, in the presence of 4700c system (Southborough, MA), as described in more
TTR. Using a previous|y deve|0ped kinetic model oﬁA detalil eIsewhereZCS). The earliest data pointS were collected
aggregationZ4) to analyze the data, we identified the steps approximately 10 min after sample preparation. The average
in the AB aggregation process that are influenced by TTR. scattered intensitys and the autocorrelation function were

The binding affinity of TTR to A8 was also estimated. measured at 90scattering angle repeatedly over a 20 h
interval. Autocorrelation data were fitted to a third-order
MATERIALS AND METHODS cumulants expression to determine the inversererage

) ) apparent hydrodynamic radils,.

Sample PreparationMolecular-biology-grade urea was After 20 h, the average particle molecular mass, shape,
purchased from Boehringer-Mannheim (Indianapolis, IN). All ang dimensions of the same samples were obtained by
other chemicals were purchased from Sigma-Aldrich. PBSA 1y tiangle static light scattering (SLS) measurements using
(0.01 M NaHPQ/NaH,PQ,, 0.15 M NaCl, 0.02% w/vNabl  the same apparatus as described previously in desl (
pH 7.4) was double filtered through 0.22n filters. 8 M pyiefly, the scattered light intensity at 24 angles fron? 20
urea was prepared in 10 mM glycindlaOH buffer, pH 10, to 135 was collected; each measurement was repeated five
and then double filtered through 0.2 filters. Lyophilized  {imes and averaged. Average scattered intensity of the buffer
AB(1-40) (AnaSpec, San Jose, CA), was dissolved at ayas measured in the same manner and subtracted from the
concentration of 2.8 mM in 18 M urea/glycine buffer. Urea  sample scattering intensity; the result was then normalized
dissolution was required to yield quantitatively reproducible by using the scattering intensity of the reference solvent
results and to ensure a monomeric and unfolded initial stateg|,ene to obtain the Rayleigh ratRy(q) as a function of
(24): TTR purified from human plasma (Sigma Aldrich, St. scattering vectorq = (4wn/io,)sin(@/2) where n is the
Louis, MO) was dissolved at M, 2 uM, or 3.3 uM in refractive index of the solveni, is the wavelength of the
PBSA. Purity was checked by SB®PAGE; the denatured  jncident beam in vacuum, artis the scattering angle. The

protein ran as a monomer (14 kDa) (data not shown). A faint gata were plotted in the Zimm format, &&/Ry(q) versus
band (estimated at1—2%) was detected at35 kDa, the @2, where K = 4xz2n?(dn/dc)ZN A/lﬁ, c is the total protein

identity of this minor contaminant is unknown. The stock

solution of A3 was diluted 20-fold into filtered PBSA, or  jycrement (assumed to be 0.145 mL/g and independent of
PBSA with TTR, 'Fo a _flnal 8 concentratlo_n of 14_1Q¢M. aggregation state2d)), andN, is Avogadro’s number.
Samples were rapidly filtered through 0.4 filters directly At ¢ — 0 and?R2F3 < 1

into light-scattering cuvettes for light scattering, or micro-

concentration (g/mL),ddc is thez-averaged refractive index

tubes for size exclusion chromatography (SEC). Residual qZERQZQ
urea was 0.4 M, and pH of the final solution was 7.4. Ke _ 1154 ] 1)
Transmission Electron Microscop8amples of & alone R(a) My 3

or with 1 uM TTR, prepared as described above, were ) _ )

incubated for 4 days at room temperature, then stained withWhereM, is the weight-averaged molecular weight aRgf(J
NanoW negative stain (Nanoprobes.com, Yaphank, NY) and iS the z-averaged squared radius of gyration, which is very
placed on a pioloform coating grid support film (Ted Pella heavily weighted toward larger particles. We fit the scattering
Inc., Redding, CA), and then analyzed by a Philips CM120 data at angles less than5@ < 0.0145 nm?) to eq 1 to
Transmission Electron Microscope (FEI Corp., Eindhoven, obtain M,, and Ry (z«/[ﬁ%ﬁ), This analysis neglects any
The Netherlands). second-virial coefficient correction.

Size Exclusion Chromatography (SEQamples were At higher scattering angles and with larger particle sizes,
analyzed with SEC using a precision column prepacked with the assumption thafR[J3 < 1 is no longer valid. Under
Superdex 75 (Pharmacia, Piscataway, NJ) on a Pharmacighese conditions,
fast protein liquid chromatography system, as described
previously @4). Mobile phase flow rate was set at 0.05 R(d)
mL/min, and elution peaks were detected by absorbance at Ke M.,P(@) ()
280 nm. The mobile phase buffer was matched to the one
used for dissolution of A. The concentration of the where P(qg), the particle scattering factor, is a complex
nonaggregated portion of /A(monomer and dimer) was function of particle shape and dimension. The Kratky plot,
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in which g?Ry(q)/Kc = ¢?MP(q) is plotted versugy, is a
convenient means for monitoring morphology of particles
with characteristic dimensions comparable to the wavelength
of the incident beam2g). A smoothly rising plot with a
plateau at intermediatg is typical of semiflexible linear
chains, whereas a linear monotonic increase suggests stiff-
rod structure. The semiflexible chain model describes a linear
chain with total contour length. and Kuhn statistical
segment lengtty (a measure of the stiffness of the chain,
equal to two times the persistence lengthjqg) for semi-
flexible wormlike chains is

P(q) = L% (L — (] o) cit 3)

C

A

where the functionp(t,lx,q) has been described elsewhere S 5 :
(27). Aggregate size for A alone and in the presence of 1 FIGURE 1. TEM image of AG (140uM) without (A) and with (B)
uM TTR was sulfficiently large to justify use of eqs 2 and 3; 1uMTTR. Scale bars indicate 200 nm.

Mw, L, andly were determined by nonlinear regression of
egs 2 and 3 to the multiangle scattering data using the
parameter estimation software program ATHENR.was
calculated fromL. andly using

whereF andFq are the maximum fluorescence intensity with
and without quencher, respectivel@][is the concentration
of quencher (£); andKs is the association constant between
guencher and fluorophore. We evaluategand F at 339
> 3 2 nm and obtaine#s from linear regression. If the quenching
_ Lle _ IL + L _ L 1 — g 2k 4 is caused by dynamic collision between the quencher and

Ry= 6 4 4, g 2( € NC) fluorophore moleculesKs is equal to the product of the

¢ biomolecular quenching constalkand the lifetime of the

R, was calculated frorh andl using equations appropriate ~ fluorophore without quenches. For tryptophan in prote|0ns
for semiflexible chains, as described elsewh@®.( To ~ %0 ns; in agueous solution the maximue~ 10"
Kinetic Modeling A kinetic model of A3 aggregation has M ' s * (29), so the maximum value dfs with dynamic
been described previouslg4). This model was fitted to the ~ dueénching is~100 M. If the measuredKs value is
measured quantitidso andRe; versus time, to comparefA significantly greater Fhan 100 M, we assume the quenchlng.
aggregation rates in the absence and presence of TTR. Théesults _from formation of complexes rather than dynamic
model postulates an evolving distribution oAnonomer, ~ duenching.
dimer, intermediates, filaments, and fibrils, and assumes thatRESULTS
filaments and fibrils can be modeled as semiflexible chains.
Filament diameter was assumed to be 4 nm, kndas Effect of TTR on A Aggregate Size and Morphologis
determined from the multiangle scattering data (fgralone observed in TEM images, Aalone formed typical amyloid
and with 1M TTR), or was set equal to 180 nrd4). The fibrils, with diameters of~10 nm, lengths of km or more,
best fit of the data to the model was obtained by nonlinear and a characteristic twisted appearance (Figure 1A). Addition
least-squares regression, using ATHENA software. The of 1 uM TTR to 140uM A3 noticeably reduced the number
model and data fitting are described in detail elsewh24e ( of large aggregates and significantly decreased the length
As described further in the Results section, all parameter of those aggregates that were observed, without gross
values were unchanged from those determined previously,changes in their linear morphology (Figure 1B).

except for model parameters associated with aggregate Ppreviously we observed that only a fraction of Avas

growth, i.e., filament initiation and elongatiokyfk,), fibril incorporated into soluble aggregates under our experimental
formation by lateral associatiorkd), and fibril growth by conditions, while some of the peptide remained unaggregated
end-to-end associatiod ). (24). To determine whether TTR affected the distribution

Tryptophan Fluorescencd&TR at 14M was mixed with  of A8 between aggregated and nonaggregated forms, solu-
Ap at 21uM, 42 uM, or 84 uM in double-filtered PBSA  tions of A3 and TTR alone or mixed together were analyzed
(pH = 7.4, 0.24 M residual urea). After incubation at room py sijze exclusion chromatography (SEC). Representative
temperature for 1 h, samples were put in UV-permeable chromatograms are shown in Figure 2. We have previously
cuvettes, and fluorescence spectra were obtained with aghserved that A aggregates tend to be captured either by
QuantaMaster Series spectrofluorometer (PTI, Inc., Birming- the guard column or by adsorption to the main colui2v);(
ham, NJ), with excitation at 290 nm and emission Spectra thus the major e|uting species is the nonaggrega‘[ed compo-
recorded from 300 to 420 nm. The emission intensity values nent. With A3, a single defined peak was observed eluting
were scaled by setting the maximum emission intensity of 1 5t ~34 min. This peak was identified as monomer/dimer
uM TTR alone to be unity. The data were analyzed using pased on column calibration. From the peak area of eluted

the Stern-Volmer equation, ApB we calculated that 62 3% of the peptide was not
= aggregated, consistent with previous repa®.(TTR alone
S_14k [Q] (5) eluted at~27 min, consistent with an expected molecular
F S weight of 55 kDa. When mixtures of Aand TTR were
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FIGURE 2: Size exclusion chromatograms offATTR samples. ° 20 420 0 62 % 100
The concentration of Ais 140uM in all the samples. From bottom q (10°em™)
to top, TTR concentration is 1, 2, or 3:8. Absorbance was 25 B T T T T T

detected at 280 nm. The arrows indicate the elution times of TTR
and A3 alone.

20 |- 4
analyzed, there was no significant shift in peak elution times.
From analysis of the peak areas we determined that the
fraction of aggregated /Awas not changed, nor was there
any detectable loss of TTR to theggAaggregates. These data
demonstrate that TTR does not affect the distribution 6f A
between aggregated and nonaggregated forms, nor is TTR
stably bound to £ monomer or aggregates to any measur-
able extent under these experimental conditions.

More quantitative information on the size opAaggregates 05 1 15 2 25 3
in the presence of TTR was obtained by static and dynamic q(10°cm™)

light scattering. Representative multiangle scattering data for Fieure 3. Zimm plots (A) and Kratky plots (B) of static light
Ap alone ar_ld W.'th TTR, t‘?"‘e” 20.h after sample pr_epa_ratlon, scattering intensits data of fAalone Q})/, IC())r with TTR at 1;4!3
are_shown in Figure 3A in the Zimm formz_it and in Figure (4 2 uM (#), or 3.3uM (V). The concentration of A is 140

3B in the Kratky format. For & alone and with kM TTR, uM in all the samples. Data were collected 20 h after sample
the aggregate size is sufficiently large to obtain information preparation. (A) Lines indicate linear regression fit of low-angle
on particle shape and the shape of the curve is consistenfata to eq 1. (B) Lines indicate nonlinear regression fit of egs 2
with a semiflexible chain morphology. Therefore, the data 2"d 3 10 the data.

in Figure 3B were fitted to eqs 2 and 3 to determinig, L., Table 1: Size Characteristics off)ATTR Mixtures, Obtained from

and ka E_ind Ry was calculated from eq 4. For the samples Static and Dynamic Light Scattering Data Taken 20 h after Sample
containing 2 or 3.3M TTR, scattering was weaker and the  preparation

angular dependence was insufficient to obtain particle Ro R,
morphology information. For these samples, the low angle TTR M Le I Ry,  (DLS) (calc)
(20-50°) data were fitted to eq 2 to estimali4, and R, (uM)  (10°Da) (nm) (nm (hm)  (nm)  (nm)
Results are summarized in Table 1. Also included in Table 0 50+20 2600+ 800 100+30 200+40 99 120+50
1 is the average hydrodynamic radié, measured by % %6130.07 ﬁiOi 20 2n8a0i 50 9?&2 gg ;‘giz
dynamic light scattering. To check for consistency between 33 (51:0.05 na na 820 18 na
multlangle static scattering measurements and dynamlc = All samples contained 14aM (0.6 mg/mL) A, For samples
scattering data, we _Calcmatﬂ from Lc and ¢ and in- containing 0 or M (0.06 mg/mL) TTR, the weight-average molecular
cluded these results in Table 1. The calculated valud$ of  weightM,, the average contour lengtl, and the Kuhn length were
agree with measured values within error, providing further obtained from fitting the data in Figure 3B to egs 2 and 3, usi(m
support for use of the semiflexible model and indicating g n":‘ Slgg’"cf:%:’i'nei:hg"gfgé"’/gj ﬁ';u"atei Lﬁ’ﬁg‘gﬂtrge;e% é‘i-u';ogf
consistency between static and dynamic light scattering gyra?ion Ry were ogbtained by Iineér Igast-squares reg?ression of low
measurements. angle (50 or less) data shown in Figure 3A to eqRy, (DLS) was
From the data in Table 1 we conclude that TTR strongly measured by dynamic light scatterirfg, (calc) was calculated from
decreases the average size g% Aggregates, in a dose- Lcandli using theoretical expressionagj to check for consistency.
dependent manner. Inhibition is substantial even at TTR: Errors are 95% confidence intervals, based on fitting one representative
A ratios well below a stoichiometric (1:1) ratio. Addition SeLf multiangle light scattering data.
of just 1uM TTR resulted in a~10-fold decrease iMy; a
further 10-fold decrease was obtained if the TTR concentra- M, is the weight-averaged molecular weight of all the
tion was increased to 3,8M. Substantial decreases Ry species in the solutioiM,, = Yw;M;, wherew; andM; are,
and R, were also observed. (BecauRg is more heavily respectively, the weight fraction and molecular weight of
weighted toward larger aggregates tharRig Ry is much species. The SEC data indicate that TTR neither aggregates
more sensitive to the presence of a few large aggregatesnor dissociates into monomer in the presence pf dor is
This might explain whyRy, but notR; decreases as TTR it stably incorporated into the/Aaggregates. Also, from SEC
concentration increases from 2 to 3Bl.) we estimate that 67% of /Ais monomer or dimer, while

qZHs(q)/Kc (10'® gigmol-cm® )
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Murphy (24).
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Roughly, Ry, scales with the average aggregate length and
FiGURE 4: Hydrodynamic radiuf,; (A) and scattering intensity |, scales with the average aggregate molecular weight. By

at 90 anglelg (B) for Ag alone @), or with TTR at 1uM (a), . L
2 uM (#), or 3.3uM (V). The concentration of Ais 140xM in either measure, we observed that both the initial size (data

all the samples. The solid lines indicate the best fit of the kinetic t@ken ~10 min after sample preparation) and the rate of
model to the combined data. To enhance readability, only every growth decreased with increasing TTR concentration. At the

fifth data point is shown. highest TTR concentration tested (3:3V), there was
o . virtually no increase in size over time. As a negative control,

33% of the A8 peptide is incorporated into large aggregates. 10 M TTR was stable and showed no sign of aggregation

Given these data, and the fact that the molecular weights ofover a 24 h period (data not shown).

AB monomers/dimers are much smaller than that 8f A 14 gptain greater insight into the mechanism of inhibition

aggregates, we estimalitagg as of AB aggregation by TTR, the data were analyzed quanti-
tatively using a previously described mathematical model
~ (6) of ApB aggregation kinetics2d). The model is shown
agg Wagg schematically in Figure 5, along with a listing of the key
model parameters. Briefly, unstructured monomers(iv

wherew,g, and wrrr are the weight fraction of aggregates 8 M urea) are hypothesized to quickly “refold” upon dilution
and TTR, andVl,gg and M1 are the molecular weights of ~ into PBSA into either stable monomers/dimers, M/D, or
aggregates and TTR, respective|y_ From eq 6 and the dathnStab|e dimeric intermediates, |. The intermediate | rapidly
in Table 1, we obtained estimates tih{y, ~ 150 MDa, 17 and cooperatively assembles to nuclei, N, to initiate formation
MDa, 7 MDa, and 2 MDa for ,ﬁ aggregates in the presence of thin filaments, f. Filaments grow Iinearly by continuous
of 0, 1, 2, and 3.3M TTR, respectively. This calculation addition of I. Cooperative lateral association of filaments
demonstrates that the measured reduction in avevhgis results in formation of fibrils, F. Further elongation of fibrils
indicative of a real reduction in the size of thg Aggregates by end-to-end association is allowed.
and is not simply a dilution effect of TTR. The aggregate = TTR did not affect the partitioning of A between
linear density piin, Obtained by dividingVagg by L, is ~58 nonaggregated and aggregated species, as shown by the SEC
kDa/nm for A3 alone and~39 kDa/nm for A3 + 1 uM data (Figure 2). Therefore, we used previously determined
TTR. These linear densities correspond to average fibril values @4) for the model parameters associated with the
diameters24) of roughly 12 and 10 nm, respectively, typical initial dilution step: Kyp, ku/ki, andkp/k. The kinetic data
for amyloid fibril diameters. (Figure 4) were used to obtain the best fit values for those
Effect of TTR on the AAggregation KineticsNext, we model parameters associated with aggregate growth, i.e.,
measured the effect of TTR on the kinetics of aggregation filament initiation and elongatiorkgks), fibril formation by
of AS by following Ry, and lg versus time (Figure 4). lateral associationkf) and fibril growth by end-to-end

M,, — WM
M w TTR'™TTR
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Table 2: Fitted Values for Model Parameters A TTR
TTR Kn Kia Owrip
concn (M) (101%M*4) (102uM~2h7Y) (108 cm-rad) >
(2]
0 3+2 188+ 3 13.8+0.2 S®
1.0 0.7+ 0.1 32.7+ 0.7 1.8+0.1 €¢
2.0 0.2+ 0.1 20.6+ 0.7 0.75+ 0.06 @ ;
3.3 0.03+ 0.02 0.25+ 0.06 nd % ]
2 The kinetic light scattering data were fitted to the model sketched §§
in Figure 5 and discussed in r@é. All samples contained 140M 5&
Ap and the indicated concentration of TTR. Parameter errors indicate E
95% confidence intervals, based on fitting one representative set of
kinetic data” Not determined. With 3.3«M TTR in 140 uM Af
solution, there was almost no increaseRinand gy, over time. Hence . l ) l )
dwi ~ 0. 300 320 340 360 380 400 420
Wavelength (nm)
associationdwryp). Model calculations are plotted alongside 12 B ' T ' '

the experimental data in Figure 4. Fitted parameter values
are summarized in Table 2. The model captured the growth
of A aggregates in the presence of TTR reasonably well. 115 - 1
The ratioky/k,, which represents the ratio of elongation of
existing filaments relative to formation of new ones, was
reduced several-fold upon addition of TTR (Table 2). A = 111 1
reduction in the relative elongation rate is consistent with
the decrease in length ofAaggregates observed in TEM

images (Figure 1) and by SLS (Table 1). The valuegof 1.05 - §
anddarp, Which characterize rates of lateral association of
filaments and end-to-end growth of fibrils, respectively, were

also reduced considerably (Table 2). Taken together, the data 1 s p 20 pos - 700
indicate that TTR inhibits & aggregation by suppressing

growth of pre-existing aggregates rather than by preventing [AB] (uM)

the initial A3 self-association. FIGURE 6: (A) Tryptophan fluorescence emission spectra faM.

N _ - TTR alone and with increasing®(21, 42, and 84M). Excitation
Binding Affinity of A6 and TTR.As shown in Figure 2, \ a5 at 200 nm. (B) SterAvolmer plot of the fluorescence intensity
we observed no evidence for a strong stable associationat 339 nm versus A concentration. The solid line is the linear

between TTR and A by SEC, yet light scattering and regression fit of eq 5 to the data.
electron microscopy clearly showed that TTR strongly
suppressed A aggregation (Figures 1, 3, and 4). We spec- DISCUSSION
ulated that we might be able to detect evidence 6fATR Deposition of A3 amyloid fibrils is one of several defining
association by probing for changes in intrinsic tryptophan featyres of AD, and a substantial body of evidence supports
quorescence._ The wavelength at which maximum Trp_ the “amyloid cascade hypothesis” in whic8Aggregation
fluorescence is observed depends on solvent exposure, whilgs caysally linked to neuronal loss. Although it is fairly well-
Trp fluorescence intensity can be quenched by lysine, gstaplished that conversion of monomeric and unstructured
tyrosine, glutamine, and asparagir@0) There are tWo g into 8-sheet aggregates is required for gain of toxicity,
tryptophans in a TTR monomer, Trp4l and Trp79; ap- it remains controversial whether soluble oligomeric ag-
proximately one-third of the side chain of Trp41 is exposed gregates or fully formed fibrils are the dominant toxic species
to solvent while that of Trp79 is completely buriedlj. (33). In the absence of a natural animal model for human
Trp4l is by far the major contributor to TTR’s fluorescence Ap attempts have been made to generate transgenic mice
signal @2). Aj has no tryptophan residue. We therefore \yith the disease phenotype. Mice expressing human APP
reasoned that binding ofAto TTR might be detectable if  jth the Swedish mutation (ARE) produce significant
Ap quenched Trp41 fluorescence. quantities of A8 and develop numerous amyloid plaques but,
Samples of JuM TTR mixed with excess A (21, 42, surprisingly, lack the classical paired helical filaments and
and 84 uM) were excited at 290 nm, and Trp emission neuronal cell loss prevalent in the human dise&s6)( This
spectra were collected. Aalone produced no emission finding has led some to question the validity of the amyloid
spectra, as expected. Emission spectra of TTR alone and withcascade hypothesis. Stein and Johnson hypothesized that
A showed decreasing fluorescence intensity with increasing APPs,, mice are models, not of AD, but of protection from
Ap concentration (Figure 6A), but no shift in the wavelength the disease. In DNA microarray and immunostaining studies,
for maximum fluorescence. When TTR was mixed with non- they demonstrated conclusively that ARnice respond to
amyloidogenic fragments A1—11) and A3(12—28), no APP overexpression by upregulating biosynthesis of TTR
quenching was detected (data not shown). Thus, we con-several-fold, likely in response to increased production of
cluded that full length & quenches Trp fluorescence in TTR.  sAPRx (7, 8). They further demonstrated that 201 AfS
Analysis of fluorescence intensity data using the Stern caused significant cell death in hippocampal brain slices, and
Volmer equation (Figure 6B) yielded an estimatekef= that 3 uM TTR completely abrogated this toxicity8)
2300+ 100 M1, indicating a weak association. Additionally, anti-TTR antibodies reversed the neuroprotec-
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tive effect of SAPR-induced increases in TTR synthes3}. ( to Aj aggregates. This result is consistent with data reported
In independent studies, other researchers identified TTR asby Schwarzman et al.2@) that peptide fragments corre-
a protein capable of binding to /A (20, 21), leading sponding to residues 343 and 36-60 of TTR bind to
Schwarzman and co-workers to propose that sequestratiomAf. Alternatively, quenching of Trp4l could be due to
of Ap by TTR inhibited its aggregation and toxicityL9). Ap-induced changes in TTR structure rather than direct

Given the significance of A—TTR association, we interaction between a side chain i A&and Trp4l.
investigated the effect of TTR on the morphology of A TTR concentration in plasma is=¥ uM, while in CSF
aggregates and the kinetics of aggregation. TEM and light its concentration is-0.3uM (19). AB concentration in CSF
scattering analysis showed that TTR inhibiteél #&ggregation is about 3 nM 84), although the local concentration in and
dramatically. Substantial reductions in the length of amyloid near amyloid deposits could be much higher. Thus, in our
fibrils and in the rate of growth were observed even-&00- in vitro experiments the TTR concentration reflected ithe
fold A molar excess. Addition of more TTR repressed the ivo situation but the & concentration was much higher
Ap aggregation further, demonstrating a strong concentra-than what would typically be observed in physiological
tion-dependent response. Interestingly, the aggregates obfluids. Our data suggests that TTR, whether by design or
served under EM were not amorphous but retained a linearaccident, might patrol the CSF and suppress further growth
morphology. This suggests that TTR suppresses growth ofof nascent & aggregates. Through this action, TTR may
aggregates but not initial assembly. Further support for this inhibit accumulation of toxic aggregates and prevent or delay
hypothesis is provided by the SEC data showing that TTR neuronal death. TTR synthesis is upregulated by SAE,
did not alter the distribution of A between aggregated and and TTR concentration in the CSF of patients with AD is
nonaggregated species (Figure 2). lower than that in age-matched controls4,( 15). It is

To further probe the mechanism of action of TTR, we tempting to speculate that even small imbalances in APP
analyzed /4 aggregation kinetics using a previously de- proteolysis, in whiclu-secretase activity is decreased relative
scribed mathematical mode24). (We note that our model  to 8- andy-secretase activities, could lead to an increase in
describes the aggregation process prior to precipitation of A3 synthesis and a corresponding decrease in sARRI,
insoluble fibrils.) By fitting the data to the model we therefore, TTR synthesis, leading to escape Sfafygrega-
determined that TTR decreaskgk,, indicating a reduction  tion from TTR’s control. This scenario suggests therapeutic
in filament elongation relative to initiation (Figure 4 and strategies based on drugs that restore normal CSF levels of
Table 2). The net effect of this change is a decrease in theTTR, or compounds that mimic TTR’s sequestering ability.
length of aggregates. TTR also caused a decreakg, ia The latter strategy requires further molecular-level informa-
parameter describing the rate of lateral association of tion about the means by which TTR interacts witlf A
filaments to fibrils (Table 2). Given this analysis, we aggregates and suppresses their further growth.
hypothesize that TTR binds preferentially to growing A
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