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Transthyretin (TTR) is normally a stable plasma protein.
However, in cases of familial TTR-related amyloidosis and
senile systemic amyloidosis (SSA), TTR is deposited as amyloid
fibrils, leading to organ dysfunction and possibly death. The
mechanism by which TTR undergoes the transition from stable,
soluble precursor to insoluble amyloid fibril and the factors that
promote this process are largely undetermined. Most models
involve the dissociation of the native TTR tetramer as the initial
step. It is largely accepted that the TTR gene mutations associ-
ated with TTR-related amyloidosis lead to the expression of var-
iant proteins that are intrinsically unstable and prone to aggre-
gation. It has been suggested that amyloidogenicity may be
conferred to wild-type TTR (the form deposited in SSA) by chem-
ical modification of the lone cysteine residue (Cys'®) through
mixed disulfide bonds. S-Sulfonation and S-cysteinylation are
prevalent TTR modifications physiologically, and studies have sug-
gested their ability to modulate the structure of TTR under dena-
turing conditions. In the present study, we have used fluorescence-
detected sedimentation velocity to determine the effect of
S-sulfonate and S-cysteine on the quaternary structural stability of
fluorophore-conjugated recombinant TTR under nondenaturing
conditions. We determined that S-sulfonation stabilized TTR tet-
ramer stability by a factor of 7, whereas S-cysteinylation enhanced
dissociation by 2-fold with respect to the unmodified form. In addi-
tion, we report the direct observation of tetramer stabilization by
the potential therapeutic compound diflunisal. Finally, as proof of
concept, we report the sedimentation of TTR in serum and the
qualitative assessment of the resulting data.

The amyloidoses are a class of protein folding disorders in
which one of over 20 different soluble precursor proteins mis-
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folds, aggregates, and deposits in various tissues, causing organ
dysfunction and, in many cases, death (1-3). One of these pre-
cursor proteins is transthyretin (TTR®; Swiss-Prot accession
number P02766), a small (M, 13761) plasma protein that self-
associates into tetramers under physiological conditions. Nor-
mally a stable protein, TTR has been implicated in two distinct
forms of systemic amyloidosis, familial TTR-related amyloido-
sis (ATTR) and senile systemic amyloidosis (SSA). ATTR usu-
ally involves a point mutation in the coding region of the TTR
gene, leading to the production of a variant protein containing
one of over 80 pathological amino acid substitutions (4). Amy-
loid deposits in ATTR generally manifest clinically as polyneu-
ropathies and/or cardiomyopathies, depending on the organs
of involvement (5). In SSA, wild-type TTR deposition occurs in
the myocardium (6) and can cause atrial fibrillation and con-
gestive heart failure (7-11). Pathological studies have estimated
that ~25% of individuals over the age of 80 may be afflicted with
SSA (9), and as the elderly population in industrialized coun-
tries continues to grow, the disease will probably contribute
a significant yet underrecognized source of cardiac dysfunc-
tion. It is, therefore, of great importance to establish a
molecular understanding of the factors promoting the dis-
ease and to investigate strategies whereby these processes
may be abrogated.

In both SSA and ATTR, the mechanism underlying TTR
structural rearrangement, aggregation, and deposition is
largely undetermined. However, in recent years, in vitro studies
have suggested that perturbation of the native structure is
required for (or at least accelerates) amyloid formation (12, 13).
Under denaturing conditions, tetramer dissociation is the ini-
tial and rate-limiting step of fibrillogenesis (14—16). Under
physiological conditions, ATTR-related amino acid substitu-
tions probably enhance the population of monomeric, aggrega-
tion-prone subunits either by directly destabilizing the tet-
ramer (quaternary structural destabilization) or by lowering the
free energy of the partially unfolded monomer (tertiary/sec-
ondary structural destabilization). It is not immediately obvious

3 The abbreviations used are: TTR, transthyretin; ATTR, familial TTR-related
amyloidosis; SSA, senile systemic amyloidosis; FITC, fluorescein-5-isothio-
cyanate; rTTR, recombinant human transthyretin; rTTR-SO;H, S-sulfonated
ITTR; rTTR-Cys, S-cysteinylated rTTR; ESI, electrospray ionization; MS, mass
spectrometry; LC, liquid chromatography; HPLC, high pressure liquid chro-
matography; F-rTTR, FITC-labeled rTTR; r.m.s.d., root mean square deviation.
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how structural instability could be conferred to wild-type TTR,
but post-translational modifications are a possibility. In human
serum, TTR is extensively modified at its lone cysteine residue
(Cys'®) through mixed disulfide bonds with a number of differ-
ent compounds (17-20). Of these, adducts of sulfonate (S-sul-
fonation) and cysteine (S-cysteinylation) are generally the most
common. Several research groups, including ours, have
hypothesized that Cys'® modifications modulate TTR stability
at the quaternary or tertiary/secondary level, thereby altering
the propensity of wild-type TTR to form amyloid fibrils.

Much insight into the structural basis of TTR amyloid for-
mation has been realized in recent years with techniques such
as chaotrope-, thermal-, and acid-mediated unfolding assays.
These methods provide a useful paradigm for analyzing differ-
ential structural effectors, such as amino acid substitutions or
post-translational modifications, between related samples
under denaturing conditions but do not allow straightforward
generalization to physiological conditions. These methods are
practical, because, with few exceptions (21, 22), neither wild-
type nor variant TTR aggregate at physiological pH within an
experimentally practical time frame. However, the critical step
in fibrillogenesis, tetramer dissociation, could theoretically be
evaluated by primary analytical methods under nondenaturing
conditions. Since all previous evidence suggests the importance
of this step, it is desirable to provide first principles methods for
evaluating effectors of tetramer stability.

Sedimentation velocity analytical ultracentrifugation is a
powerful method for analyzing protein self-association (23—
25). One of the more general approaches for the analysis of such
systems is the determination of the isotherm of weight-average
sedimentation coefficients (s) as a function of concentration
(26 -29). The concentration dependence of s is a thermody-
namic phenomenon governed solely by the law of mass action,
and the experimental measurement in the ultracentrifuge is
completely independent of solvent composition. An experi-
mental limitation is that the molecule must be optically detect-
able at concentrations where dissociation occurs. Therefore,
the sensitivity limits of the standard centrifuge optical systems
may restrict the analysis of tightly associating systems. Such is
the case with TTR where, for the wild-type protein, dissociation
is not detected at concentrations accessible with either the
absorbance or interference optical systems. Recently, fluores-
cence detection has been developed for the analytical ultracen-
trifuge (30). The superior sensitivity of this system allows detec-
tion at concentrations several orders of magnitude lower than
the existing optical systems. In addition, the selectivity of fluo-
rescence allows the detection of target molecules contained in
complex biological fluids like plasma, urine, or cerebrospinal
fluid.

In the current study, fluorescence-detected sedimentation
velocity was used to examine the contribution of two biologi-
cally relevant cysteine modifications to the stability of the TTR
tetramer under nondenaturing conditions. These conditions
effectively uncouple quaternary structural perturbations from
tertiary and secondary effects, a differentiation not allowed
by the previously employed denaturing techniques. In addition,
the effect of diflunisal, a well characterized stabilizer of the TTR
tetramer (31, 32), on the 5 isotherm has been investigated.
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Finally, the possibility of using this technique directly in a com-
plex biological fluid has been investigated by analyzing the sed-
imentation profile of fluorescein-labeled TTR in human serum.

EXPERIMENTAL PROCEDURES

Reagents—Fluorescein-5-isothiocyanate (FITC “Isomer I”)
was purchased from Invitrogen. Diflunisal (5-(2,4-difluorophe-
nyl)-2-hydroxybenzoic acid), ovalbumin, and DMSO were pur-
chased from Sigma. All other reagents were from Fisher and
were of the highest quality available. Human serum was
obtained with institutional approval, in accordance with cur-
rent institutional review board protocols.

Protein Sample Preparation—Recombinant human transt-
hyretin (rTTR) was prepared and S-sulfonated (rTTR-SO,H)
or S-cysteinylated (rTTR-Cys) as previously described (33).
Each preparation demonstrated >95% homogeneity within
experimental error (~4 units) of the expected molecular weight
(rTTR, M, 13761; rTTR-SO;H, M, 13841; rTTR-Cys, M,
13880) as assessed by electrospray ionization mass spectrome-
try (ESI-MS) (see below). The three recombinant proteins were
then chemically coupled to the amine-reactive 5-isothiocya-
nate derivative of fluorescein (FITC). Solutions of 5 mg of each
protein were exchanged into 0.1 M sodium bicarbonate, pH 9,
using EconoPak 10-DG desalting columns (Bio-Rad), and the
volumes were adjusted to 3 ml (final concentration, 1.7 mg/ml).
FITC was dissolved in dimethyl formamide at 10 mg/ml, and
100 ul was added to each protein solution. The reaction mix-
tures were incubated for 1 h at room temperature. The unre-
acted free dye was removed, and the samples were exchanged
into 100 mm potassium chloride, 10 mm Tris, pH 7.5, using
EconoPak 10-DG desalting columns.

Concentrations were determined by the absorbance at 280
nm using E5%, 14.1 ml mg™' cm ™' (34). The signal was cor-
rected for the absorbance of the dye by the following equation,

Aprotein = Azgo — Agos X CFagg (Eq. 1)
where A, cin is the corrected protein absorbance at 280 nm,
A,go is the measured absorbance of the conjugate at 280 nm, Ao,
is the measured absorbance of the conjugate at 494 nm, and
CF,4, is the correction factor, 0.30, as tabulated for fluorescein
by Invitrogen. Samples were diluted to 0.5 mg/ml and stored at
—20 °C until use. Sample quality and protein/dye stoichiometry
were determined by ESI-MS and liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS) as described below.
Molar concentrations are reported in reference to the physio-
logic tetrameric species.

For sedimentation analysis of FITC-labeled rTTR species
(F-r'TTR, F-rTTR-SO,H, and F-rTTR-Cys), stock solutions (0.5
mg/ml) were diluted to 6.25 pg/mlin 0.1 mg/ml ovalbumin, 100
mM potassium chloride, 10 mm Tris, pH 7 or 9. A 2-fold dilution
series was then constructed, using the same buffer, over the
range 6.25 ug/ml to 12.2 ng/ml. For analysis of drug binding,
diflunisal was dissolved to 10 mg/ml in DMSO and then diluted
1:100 in 0.1 mg/ml ovalbumin, 100 mMm potassium chloride, 10
mMm Tris, pH 9, and used for a 2-fold dilution series of F-rTTR
over the protein concentration range 6.25 ug/ml to 48.8 ng/ml.
For the control, DMSO was used instead of the stock diflunisal

VOLUME 283+NUMBER 18-MAY 2, 2008



Transthyretin Tetramer Stability by Analytical Ultracentrifugation

solution. For measurement of sedimentation in serum, stock
F-r'TTR was diluted to 6.25 pug/ml in human serum. All samples
were equilibrated for ~1 h at room temperature and then ~1 h
in the centrifuge vacuum chamber at experimental rotor tem-
perature before sedimentation was initiated.

ESI-MS—Samples were prepared for mass spectrometry by
reversed phase HPLC. Approximately 5 ug of each sample was
loaded onto a Zorbax Poroshell 300SB-C8 HPLC column (75
mm long, 2.1-mm inner diameter, 5-um particle size) that was
pre-equilibrated in 95% solvent A (5% acetonitrile, 0.1% triflu-
oroacetic acid in water) and 5% solvent B (0.085% trifluoroace-
tic acid in acetonitrile). The column was eluted with a 5-min
linear increase in solvent B to 85% at 1 ml/min. The entire
protein peak, as indicated by A,,,, was collected, dried in a
centrifugal concentrator (ThermoSavant, Holbrook, NY), and
stored at —20 °C until analysis.

The samples were dissolved in 10 ul of 50% acetonitrile, 0.1%
formic acid in water and loaded into 1-um aperture nanospray
tips prepared in house using a Sutter (Novato, CA) capillary
puller and 1.2 X 76-mm thin wall borosilicate glass capillaries
(World Precision Instruments, Sarasota, FL). The samples were
introduced into a Micromass Quattro II triple quadrupole mass
spectrometer by continuous nanospray generated with the fol-
lowing instrument settings: ion source block temperature,
120 °C; capillary potential, ~1200 V; cone potential, 32 V;
extractor potential, 7 V; RF lens potential, 0.2 V. The raw data,
collected over the range m/z 200-1950, were deconvoluted
(35) using the MAXENT function of the MASSLYNX (version
3.4) software.

The protein/dye stoichiometries of the F-rTTR conjugates
were determined by the following equation,

Mr,conj = Mr + (Mr,dye X n) (Eq.2)
where M, .; is the neutral mass of the conjugate determined
experimentally, M, is the neutral mass of the initial species
(rTTR, 13761; 'TTR-SO,H, 13841; rTTR-Cys, 13880), M, 4., is
the neutral mass of FITC (389, with no change in mass upon
coupling), and # is the number of dye molecules bound per
molecule of initial species.

Tryptic Digestion/LC-MS/MS—Reversed phase HPLC-puri-
fied F-rTTR (2.4 pg) was incubated with a 1:100 enzyme-to-
substrate ratio of trypsin gold, mass spectrometry grade (Pro-
mega, Madison, W1I) in 0.1 M ammonium bicarbonate, pH 8, for
17 h at 37 °C. The reaction was neutralized with 1 ul of 10%
formic acid and dried in a centrifugal concentrator. Dried sam-
ples were resuspended at ~2 pM in 3% acetonitrile in water and
analyzed with a LTQ-Orbitrap hybrid mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) coupled with a
Waters NanoAcquity Ultra Performance LC (Waters Corp.,
Milford, MA) equipped with a 100 um X 10 cm C, ¢ capillary.
The capillary was equilibrated at 97% solvent C (0.1% trifluoro-
acetic acid in water), 3% solvent D (0.1% trifluoroacetic acid in
acetonitrile) prior to sample application. After loading, pep-
tides were eluted from the capillary at 500 nl/min with a linear
increase in solvent D from 3 to 60% over 37 min, followed by a
second increase from 60 to 80% over 10 min. Continuous elec-
trospray was initiated at 140 V with the heated capillary set at
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320 °C. For MS/MS analyses, each ion of interest was isolated
with an isolation window of 3.0 Da and fragmented by collision-
induced dissociation with normalized collision energy of 35%.

Circular Dichroism Spectroscopy—Circular dichroism spec-
troscopy experiments were conducted with an Aviv 215 spec-
tropolarimeter (Aviv Biomedical, Lakewood, NJ) equipped with
a nitrogen-purged sample holder held at 25 °C with a thermo-
electric temperature controller. Samples (12 uMm in 10 mMm Tris,
100 mm KCI, pH 7 or 9) were loaded into 1-mm path length
quartz cuvettes for far UV experiments or 5-mm path length
quartz cuvettes for near UV experiments. Data were collected
in 1-nm increments (1-nm band width) over the spectral range
of 190 -250 nm (far UV experiments) and 250-320 nm (near
UV experiments) with an averaging time of typically 20-30 s.
The CD spectra were presented in ellipticity units per mole of
residue for far UV experiments and per mole of protein for near
UV experiments. Far UV spectra were smoothed using the Aviv
noise reduction routine.

Analytical Ultracentrifugation—Sedimentation velocity
experiments were conducted with an Optima XLI analytical
ultracentrifuge (Beckman Coulter, Fullerton, CA) retrofitted
with a prototype fluorescence optical system (commercial
version available from Aviv Biomedical). Samples were
loaded into ultracentrifuge cells containing graphite-filled
epoxy SedVel60K sedimentation velocity centerpieces (Spin
Analytical, Durham, NH) and fused silica optical windows. The
centrifuge and data acquisition were controlled with the
Advanced Operating System (AU-AQOS). For all experiments,
samples were centrifuged in an An50-Ti rotor at 50,000 rpm
with the temperature held at 20 °C. Data were acquired at
20-um radial increments, averaging 5 revolutions/scan. The
photomultiplier gain and the programmable gain amplifier
were set for each cell to minimize noise while providing ade-
quate signal for data analysis (>100 fluorescence units, deter-
mined visually and set at 3,000 rpm).

Analysis of Sedimentation Data—Sedimentation velocity
data were analyzed using the program SEDFIT (version 9.4)
(36) (available on the World Wide Web). The s value of each
data set was determined in two steps. First, the continuous c(s)
distribution model (36, 37) with 68% confidence level was used
to generate the best fit of the data. In addition, an estimate of s
was obtained by integration of the resulting distribution (36).
Second, using the best fit parameters from the c(s) distribution,
the Monte Carlo simulation routine of the analysis package was
used to calculate 5 and the associated error interval.

The signal to noise ratio (S/N) of each data set was calculated
by the following equation,

_ (Asignal)
S/N =20 X log (Eq.3)
Anoise

where A, ., is the amplitude of the fluorescence signal deter-

mined by subtracting the base-line signal from the plateau sig-

nal of the first scan, and A, ;.. is the amplitude of the time- and

position-invariant noise determined by the r.m.s.d. of the finite
element fit.

For modeling of isotherm data, the s values determined in

SEDFIT were converted to standardized s, ,, values (s in water
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at 20 °C) using the program SEDNTERP (version 1.08, available
on the World Wide Web). In these calculations, buffer viscosity
(mg) and density (pg) at 20 °C (experimental temperature) were
estimated from composition: ng = 0.01469 poise, py = 1.00325
g/ml. For water, standard parameters were assumed: 7y =
0.01002 poise, py = 0.99823 g/ml. The partial specific volume
(v) of TTR was estimated as 0.7324 ml/g (at 20 °C) from com-
position. The s, ,,,isotherms were modeled using the program
SEDPHAT (28) (version 4.4b; available on the World Wide
Web). Models for monomer-tetramer (1—4) and monomer-
dimer-tetramer (1—2—4) self-association were applied and
assessed for appropriateness by the F-statistic,

2
X1—a

2
X1—2-4

F= (Eq.4)
where x7_, and x7_,,_., are the x> values for the fits to the two
respective models. In each case, the calculated value was com-
pared with the value of F = 3.39 (« = 0.05) tabulated for 9
degrees of freedom (df) for the 1—4 model and 8 df for the
1—2—4 model, which were calculated as follows,

df=N-—-p (Eq.5)

where N is the number of data points (10 for both models), and
p is the number of fitting variables (1 for the 1—4 model and 2
for the 1—=2—4 model).

In all cases, the following fitting parameters were con-
strained: s;, 1.8 S; s, (in the 1—>2—4 model), 2.7 §; s,, 4.6 S.
Additionally, M, values were set to the M, determined by
ESI-MS and constrained during the fit. The parameter for 4—1
dissociation reported herein, ci, is the concentration of half-
dissociation and is related to the dissociation constant (K,) by
the following equation,

-1 [
Ci/2 = " ]\”KD (Eq 6)

where 7 is the stoichiometry of the self-association.

For the analysis of sedimentation in serum, s was determined
qualitatively from the slope of a plot of the natural log of the
relative radial boundary position (In r/r,,) as a function of the
angular velocity squared multiplied by the time of the given
scan (w’t). The radial boundary position (r) was determined as
the half-height of the plateau region for each scan, whereas the
meniscus position (r,,) was determined visually and used as a
constant for all analyzed scans. In addition, s was determined
from the continuous c(s) distribution (36, 37) as described
above.

RESULTS

TTRin its native state is tetrameric. According to most mod-
els of TTR fibrillogenesis, only monomeric TTR misfolds into
amyloid fibrils. Consequently, the TTR tetramer must dissoci-
ate prior to amyloid formation. To investigate the effect of bio-
logically relevant cysteine adducts on TTR tetramer stability
and their potential role as modulators of amyloid formation,
fluorescent derivatives of unmodified, S-sulfonated, and S-cys-
teinylated rTTR were prepared, and self-association isotherms
were determined by fluorescence-detected analytical ultracen-
trifugation. In vivo, TTR tetramers are probably composed of a
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mixture of Cys'°-modified species. However, to simplify the
interpretation of the data, homotetramers of each form were
studied.

Each form of rTTR was coupled to FITC, an amine-reactive
form of fluorescein. TTR contains nine potential conjugation
sites (primary amines) for FITC per monomer (eight lysine res-
idues and the N-terminal glycine residue). This allows a signif-
icant possibility for sample heterogeneity, which may compli-
cate interpretation of dissociation. To characterize the
heterogeneity introduced by fluorescent probe derivatization,
several different mass spectrometric approaches were
employed. ESI-MS was conducted on each fluorescent deriva-
tive, and in each case, a single predominant species was identi-
fied with an observed neutral mass consistent with the mass
expected for a product with a 1:1 dye/monomer stoichiometry
(F-rTTR, M, 14150; F-rTTR-SO,H, M, 14230; E-rTTR-Cys, M,
14270). Minor species corresponding to unconjugated as well
as 2:1 dye/monomer stoichiometry were also observed in all
three cases, although these impurities were estimated to
account for <15% of the total sample preparation. In addition,
a minor species of M, 14230 was observed in the F-r'TTR sam-
ple, possibly indicating the presence of a small amount of S-sul-
fonation or other contaminant. The conjugation site specificity
of the 1:1 dye/monomer product was determined by
LC-MS/MS analysis of a tryptic digestion of F-rTTR. An abun-
dant ion corresponding to the mass of the derivatized N-termi-
nal tryptic peptide (FITC-Gly'-Lys®) was observed at m/z
611.72 [M + 2H]*" (calculated m/z 611.72 [M + 2H]*"). The
most abundant product ions observed in the MS/MS spectrum
of this precursor ion were m/z 390.10 and m/z 833.45, which
can be assigned as the protonated free label (calculated m/z
390.04 [M + H]™) and underivatized N-terminal tryptic pep-
tide (calculated m/z 833.40 [M + H]"), respectively. The
observance of these ions is consistent with reports that the flu-
orescein adduct is labile under collisional activation conditions
(38). Although the MS/MS spectrum did not contain a frag-
ment that specifically located the site of conjugation, observ-
ance of the FITC-Gly'-Lys? tryptic peptide provides sufficient
evidence to confidently assign the primary labeling site to the
N-terminal glycine residue, since modification of Lys® would
have prevented tryptic digestion at this site (39). The plot of m/z
390.0, corresponding to the signal from the fluorescein frag-
ment ion, did not show any other maxima during the chromato-
graphic elution, indicating that none of the other tryptic pep-
tides bore this label. These data indicate that the fluorescent
rTTR derivatives are relatively uniform with respect to molec-
ular mass and site of fluorophore substitution. Therefore,
straightforward interpretation of dissociation experiments is
warranted within the constraints indicated herein.

Sedimentation velocity experiments were conducted on the
fluorescent rTTR conjugates to examine structural modulation
by intrinsic (cysteine adducts) and extrinsic (diflunisal) factors.
In preliminary analyses conducted at pH 7, no dissociation of
the tetramer for any of the three species was observed. How-
ever, the experiments were limited in sensitivity due to the low
quantum yield of fluorescein at neutral pH. Concentrations
below ~14 nMm tetramer demonstrated typical S/N of <15 dB,
rendering analysis problematic. To enable the measurements at
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In order to determine how alka-
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line pH affects TTR structure, near
and far UV circular dichroism spec-
tra for F-rTTR and rTTR in pH 7
and pH 9 buffers were generated
(Fig. 1). In far UV experiments (Fig.
1A), the spectra for rTTR at pH 7
(solid line) and F-rTTR at pH 9
(dashed line) overlap, indicating
that neither the covalently bound
fluorescein moiety nor increased
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212 229
Wavelength (nm)
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FIGURE 1. Alkaline pH does not alter native TTR secondary or tertiary structure. CD spectra for 12 um
solutions of rTTR and F-rTTR in 10 mm Tris, 100 mm KCl, pH 7 and pH 9, were collected at 25 °C. A, far UV spectra
forrTTRat pH 7 (solid line) and F-rTTR at pH 9 (dashed line). B, near UV spectra for rTTR at pH 7 (solid line) and pH

9 (dashed line).
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FIGURE 2. Example of c(s) analysis of F-rTTR sedimentation velocity.
F-rTTR (110 nmtetramerin 0.1 mg/ml ovalbumin, 100 mm potassium chloride,
10 mm Tris, pH 9) was sedimented at 50,000 rpm with a rotor temperature of
20 °C. Data were acquired with the fluorescence optical system and analyzed
with the c(s) fitting model in the program SEDFIT. A, raw data (O) and finite
element fit (/ines) with time- and position-invariant signal offsets removed.
For clarity of presentation, only every fifth scan of the data setis shown. B, best
fit residuals of the presented scans. C, c(s) distribution representing the 68%
confidence interval of the fit. The sedimentation coefficient determined from
the peak of the distribution is indicated.

significantly lower concentrations and to improve the S/N,
the preliminary experiments were duplicated in buffer of pH
9, where FITC fluorescence is maximal. Under these condi-
tions, the S/N level of 15 dB was not reached until the con-
centration was reduced to ~0.2 nM tetramer. Thus, measure-
ment in alkaline buffer allowed an ~70-fold increase in
detector sensitivity.
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Wavelength (nm)

295 alkalinity significantly alter rTTR
secondary structure. Furthermore,
the spectra in the near UV range
(Fig. 1B) for rTTR at pH 7 (solid
line) and pH 9 (dashed line) exhib-
ited only minor differences in
amplitude, primarily in the spectral range of <270 nm, suggest-
ing that rTTR tertiary structure is largely conserved between
pH 7 and 9. Sedimentation velocity of F-r'TTR in pH 9 buffer at
relatively high concentrations indicated a single ideal species
with a sedimentation coefficient of 4.320 S (Fig. 2), as expected
for tetrameric TTR. This result was identical to the correspond-
ing experiment in pH 7 buffer (data not shown), suggesting that
the hydrodynamic volume of solvated F-rTTR tetramer at the
two pH values is similar and further supporting the conserva-
tion of structure at alkaline pH.

The fluorescent rTTR derivatives were largely homogeneous
with respect to monomer mass and site of conjugation, allowing
for straightforward interpretation of the s isotherms, assuming
that the bound dye molecule itself was not a major contributor
to quaternary structural stability. To test this possibility, a
2-fold dilution series of F-rTTR as well as 1:1 F-rTTR/rTTR
over the tetramer concentration range of 0.43-110 nm were
analyzed by sedimentation velocity. Comparison of the result-
ing 5 isotherms (not shown) indicated a slight shift to lower
concentrations in the isotherm of the mixed tetrameric species.
Furthermore, modeling of the isotherms with the program
SEDPHAT indicated a decrease of ~1.6-fold in the ¢, value of
the mixture relative to the homogeneous species. Together,
these data suggest that the FITC adduct is slightly destabilizing
and that the presented interpretations of the s isotherms will
render conservative estimates of the energy of self-association.
However, it was reasoned that this bias will not affect compar-
isons among the three F-r'TTR derivatives.

The concentration dependence of s for F-rTTR, F-rTTR-
SO;H, and F-rTTR-Cys was investigated. Although this type of
analysis is model-independent (28), considerable information
about the molecular composition of reacting species can be
obtained by evaluation of the ¢(s) distributions at each concen-
tration, an analytical approach that assumes discrete noninter-
acting species. As indicated in Fig. 3, relatively high concentra-
tions of F-rTTR-Cys (109 nm tetramer) yielded a single peak at
~4.3 S. Atlower concentrations, two peaks were apparent, with
the lower indicating a sedimentation coefficient of ~1.7 S. The
peak corresponding to the larger sedimentation coefficient
broadened and decreased considerably with decreasing con-
centration, whereas the peak position of the smaller sedimen-
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109 nM

27 nM

0.86 nM

Relative c(s)

0.43 nM

0.21 nM
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sedimentation coefficient (S)

FIGURE 3. The family of c(s) curves for F-rTTR-Cys indicates tetramer dis-
sociation. Various concentrations of F-rTTR-Cys were subjected to sedimen-
tation velocity at 50,000 rpm with constant rotor temperature of 20 °C. Data
were acquired with the fluorescence optical system and analyzed with the
program SEDFIT. Distributions for the indicated loading concentrations were
generated with the c(s) fitting model.

tation coefficient was relatively unchanged with concentration.
These results are qualitatively consistent with Gilbert-Jen-
kins theory and support the use of c(s) analysis for extracting
qualitative information from reversibly associating systems
(37). In no case did s values greater than ~4.3 S appear at
dissociating concentrations, suggesting that if aggregation of
monomeric subunits was occurring, it was not observable in
our analyses.

Buffer component-corrected s, y, isotherms were generated
for F-rTTR, F-rTTR-SO,H, and F-rTTR-Cys (Fig. 4). In all three
cases, S,y decreased with decreasing concentration, a hallmark
of self-associating systems. At high concentrations, the isotherms
for F-rTTR and F-r'TTR-SO5H both plateau at ~4.6 S, consistent
with the expectation for tetrameric TTR (~56 kDa). F-r'TTR tet-
ramer dissociation was detected initially as low as 6.90 nM tet-
ramer, whereas F-rTTR-SO;H did not dissociate significantly
until a much lower concentration (0.43 nm tetramer). Con-
versely, dissociation of F-r'TTR-Cys was detected at the highest
concentration measured (109 nMm tetramer).

It should be noted that, in no case were s, ,, values consist-
ent with monomeric TTR (~1.8 S) detected, and therefore
complete isotherms could not be obtained. Concentrations
lower than those indicated in Fig. 4 were measured; however,
the S/N of the data at these concentrations were determined to
be too low to allow rigorous analyses. Although there is no
established cut-off for acceptable S/N in sedimentation velocity
analysis, it was determined that at S/N of <5 dB, small changes
in fitting parameters (i.e. meniscus position) led to large
changes in the Monte Carlo simulation result without an appre-
ciable change to the r.m.s.d. of the finite-element fit of the data,
rendering interpretation problematic.
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FIGURE 4. Cys'° adducts modulate the quaternary structure stability of
F-rTTR. Concentration-dependent 3, isotherms for F-rTTR (O), F-rTTR-
SO5H (CJ), and F-rTTR-Cys (A) were generated by sedimentation velocity anal-
yses. All samples were diluted in 0.1 mg/ml ovalbumin, 100 mm potassium
chloride, 10 mm Tris, pH 9, and experiments were conducted with fluores-
cence detection at 50,000 rpm with constant rotor temperature of 20 °C. Data
points and error intervals for each species were generated with the Monte
Carlo for weight-average s values simulation routine using the best fit param-
eters determined by c(s) analyses. Apparent s values were converted to S,
values with the program SEDNTERP and modeled with the program SED-
PHAT. The resulting best fit dissociation curves are indicated for each species
(F-rTTR,_.,, (solid line), F-rTTR-SO3H,, ., (dashed line),and F-rTTR-Cys, ., .y,
(dotted line)).

TABLE 1
Modeling of the s, , isotherms for F-rTTR Cys-10 adducts

Species rms.d. 1-4 ¢, rmsd 124 K, , K, ,
M pm §2
F-rTTR 0.0626 237.6 0.0415 172.3  585.3
F-rTTR-SO,H” 0.0555 32.9
F-rTTR-Cys 0.1538 839.0 0.0696 532.5 8795

“ A stable fit to a 1—>2—4 reaction model was not observed.

The shape of the isotherms could be modeled using the pro-
gram SEDPHAT, despite the lack of reliable data at concentra-
tions below ~0.2 nMm tetramer. Models for 1—4 and 1—2—4
association were applied to the data from each species and
assessed by the F-statistic. For F-r'TTR, the fits to 1—4 and
1—2—4 models were not statistically different (F = 2.27). For
F-rTTR-SO;H, no stable fit for the 1-—>2—4 reaction was
attained. Thus, the data for these two species were most appro-
priately interpreted in the context of 1—4 reactions. For
F-rTTR-Cys, the fit to the 1—2—4 model was significantly bet-
ter (F = 4.89). The fitting results and corresponding r.m.s.d.
values are indicated in Table 1. For all three species, low ci,
or K, values were determined. The S-sulfonated form was
determined to be the most stable (¢, = 32.9 pm), followed by
the unmodified form (¢, = 237.6 pm), and S-cysteinylated
form (Kp, ., 532.5 pm). Although these values are
expected to be conservative estimates of binding strength
because of the destabilizing presence of FITC, assessment of
the relative contributions of the modifications is probably
unaffected. Thus, it is estimated that S-sulfonation stabilized
the TTR tetramer by ~7-fold, whereas S-cysteinylation
destabilized it by ~2-fold with respect to the ci, of the
unmodified form.

In addition to examining the effect of cysteine adduction on
TTR tetramer stability, the concentration dependence of
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F-rTTR 5 was also determined in the presence and absence of
diflunisal. As indicated in Fig. 5, at higher concentrations of
F-rTTR, both in the absence and presence of diflunisal, a pla-
teau of s at values consistent with TTR tetramer (~4.3 S) was
observed. In the absence of diflunisal, the F-rTTR s isotherm
decreased with diminishing concentration in the range below
6.90 nM tetramer. In the presence of diflunisal, no decrease in’s
was detected, and only a single peak was observed between 1
and 5 S in the c(s) distributions of each concentration tested.

aal |
L
a2}
I 4.0}
38}
36F
9.0 8.5 8.0 75 7.0
IOQ Mbetramer

FIGURE 5. Diflunisal inhibits F-rTTR tetramer dissociation. Sedimentation
velocity was used to generate s isotherms for F-rTTR in the absence (O) and
presence ([J) of diflunisal. Data sets were analyzed with the program SEDFIT
using a combination of c(s) analysis to determine the best fit parameters and
the Monte Carlo for weight-average s values simulation routine to determine
swith its associated error space. Lines are included to aid visual interpretation
and do not represent regression analysis of the data.

The described experiments were conducted in dilute buff-
ers, and the data could be modeled as thermodynamically
and hydrodynamically ideal solutions of the Lamm equation
(36). As proof of concept of fluorescence-detected sedimen-
tation velocity in complex, concentrated biological fluids,
F-rTTR was diluted to 6.25 wg/ml (110 nMm tetramer) in
human serum and centrifuged at 50,000 rpm. The data pro-
file with finite element fit, the residuals of the fit, and the
resulting c(s) distribution are shown in Fig. 6. A single, sharp
sedimenting boundary was observed (Fig. 64), moving at an
apparent sedimentation coefficient of 2.4 S (Fig. 6C).
Although there is a slight slope to the plateau and some
residual signal above the boundary at lower radial positions,
these features were not fit by the Lamm equation, as evi-
denced by the lack of additional peaks in the c(s) distribution.
There is no evidence that the boundary is distorted by the
Johnston-Ogston effect (40, 41). Despite the qualitative
agreement between the sedimentation coefficient deter-
mined by Lamm equation modeling and that determined by
boundary midpoint migration (Fig. 6D), the systematic resid-
uals (Fig. 6B) show that the shape of the boundary could not be
recapitulated by this model. Although better fits to the data
were obtained by increasing the fitting parameter correspond-
ing to the frictional ratio (f/f,), the meaning of f/f; in complex,
concentrated solutions like serum is uncertain.

DISCUSSION

Aggregation of TTR is characteristic of two distinct forms
of systemic amyloidosis. Most of the models proposed to
describe this process involve dissociation of the native tet-

ramer as the initial and rate-limit-

ing step. Therefore, factors that

o 300 4~ promote structural instability are

£ 250 ol potential initiators of disease

& 200 A 1 onset. Conversely, factors that sta-
o A 1 .

S 150 3 1 bilize the native structure would

£ 100 B x ¥ inhibit aggregation, thereby pro-

/,F'F ] tecting against disease onset. We

8 30 a4t 1 hypothesized that Cys'® adducts

§ 12 ' =+ g : = s .1 could affect TTR quaternary

2 s le+11  2e+11 3e+11 4de+11  Be+1 structure and modulate the rate-

Z -30 o't limiting step of wild-type TTR
fibrillogenesis.

r(cm) y=2452x10"x-2.013x10° We have established fluores-

2600 F o — 2 = 0.9998 cence-detected analytical ultra-

_1950 f centrifugation as a viable tool in

F1300 I| || the study of the relationship

i ) | between TTR chemical structure

2 ; é ; ; and the energy of self-association.

sedimentation coefficient (S)

FIGURE 6. Example of c(s) analysis of F-rTTR sedimentation in serum. F-rTTR was diluted in human serum to
110 nm tetramer and subjected to sedimentation velocity at 50,000 rpm, 20 °C. Data were acquired with the
fluorescence optical system and analyzed with the c(s) fitting model in the program SEDFIT. A, raw data (O) and
finite element fit (/ines) with time- and position-invariant signal offsets removed. For clarity, only every fifth
scan of the data set is shown. The half-height of the plateau signal (determined from the first scan immediately
adjacent to the data roll-off) is indicated with a horizontal dashed line. B, best fit residuals of the presented
scans. C, c(s) distribution representing the 68% confidence interval of the fit. The sedimentation coefficient
determined from the peak of the distribution is indicated. D, qualitative determination of s indicated by the
slope of a plot of In r/r,, versus w?t. The linear regression of the data, with a slope of 2.452 X 10~ 35 (2.4525), is

indicated below along with the correlation coefficient (r?) of the regression.
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This primary analytical method
allows direct insight into such sys-
tems by the determination of the
concentration dependence of s.
Due to the very high stability of the
native wild-type TTR tetramer,
such analyses became possible
only with the recent development
of fluorescence optics for the ana-
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lytical ultracentrifuge (30), which are several orders of mag-
nitude more sensitive than the existing commercial optical
systems.

For our studies, rTTR was produced and modified at Cys'® by
S-sulfonation and S-cysteinylation to generate the two most
predominant adducts in human serum (17-20). These species,
as well as unmodified rTTR, were covalently bound to the
amine-reactive fluorescein derivative, FITC. The concentra-
tion dependence of the weight-average sedimentation coeffi-
cient was then determined for each form.

One requirement for interpreting structural stability data
from proteins labeled with a fluorescent moiety is that the effect
of the dye on the overall structure must be characterized. In
systems where dye molecules can conjugate to multiple sites on
the protein, the possibility of structural destabilization
increases with higher dye/monomer stoichiometries. In this
study, the effect of FITC conjugation on the stability of the
r'TTR tetramer was established in two ways. First, the sample
heterogeneity with respect to mass and derivatization site was
thoroughly characterized by ESI-MS and LC-MS/MS of a tryp-
tic digest. By ESI-MS, the preparations were found to be largely
homogeneous with respect to mass (>85%), with the predom-
inant product having 1:1 dye/monomer stoichiometry. We fur-
ther confirmed by LC-MS/MS that this product was labeled at
the N-terminal Gly residue and not in detectable quantities at
any of the internal Lys residues. These observations suggested
that the destabilizing effects of the dye would be minimal in our
preparation. Second, in addition to characterizing the hetero-
geneity and site specificity, we directly examined the effect of
fluorescein labeling on tetramer stability by comparing the s
isotherm of F-r'TTR with that of a 1:1 mixture of labeled/unla-
beled rTTR. The estimated 1.6-fold decrease in ci; between the
mixture and pure F-r'TTR indicated only slight destabilization
by the dye, confirming our expectation of minimal structural
perturbation while suggesting that our determinations of cy,
would be conservative.

Determination of s as a function of concentration by sedi-
mentation velocity is a classical approach to the analysis of self-
associating systems (26 —29). In our study, the determination of
s was made for each data set in a two-stage process using the
sedimentation analysis program SEDFIT. In the first stage, c(s)
distribution analysis was used to determine the best fit of the
data. These analyses are model-dependent and treat sediment-
ing boundaries as discrete, noninteracting species. However, in
addition to providing best fit parameters for subsequent model-
independent analyses, evaluation of the c(s) distribution at each
concentration (see Fig. 3) gives several insights into the ther-
modynamic behavior of the system.

This approach is similar in practice to the method of evalu-
ating the family of g(s) curves, well described in studies of tubu-
lin polymerization (see Ref. 26 and references therein). First,
self-associating systems of finite stoichiometry will approxi-
mate discrete, noninteracting species at concentrations where
either association is highly favored (high concentrations) or dis-
sociation is highly favored (low concentrations) by mass action.
Under these conditions, c(s) distribution analysis provides a
reliable estimate of s as well as the diffusion coefficient (D) and
therefore the molecular weight of the species. When the molec-
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ular weight of the monomer is known, by mass spectrometry for
example, this analysis then provides the stoichiometry of the
speciesin solution. In the analyses of F-r'TTR species, the model-
dependent c(s) analysis performed at high concentrations
(~110 nm tetramer) in all three cases yielded a species consist-
ent with an ~56-kDa tetramer (~4.3 S). Therefore, subsequent
model-independent s analyses were interpreted within the con-
text of tetramer dissociation. A second insight obtained in the
analysis of the c(s) family of curves for self-associating systems
is that an estimate of 5 is obtained by integration across the
distribution. At intermediate concentrations, the data cannot
be modeled as discrete, noninteracting species. However, in
these cases, c(s) peaks represent the reaction boundaries of the
association (37). Therefore, the determination of 5 by integra-
tion, although not analytically rigorous, is valid qualitatively
and provides independent evidence to support subsequent
model-independent analyses.

The second stage of analysis in this study was the quantitative
determination of 5 by the Monte Carlo simulation routine in
SEDFIT. This analysis provides a rigorous, model-independent
determination of s and its associated error space, assuming that
the best fit parameters have been assigned. An isotherm can
then be constructed by converting the s values to s, y, values
and then plotting as a function of loading concentration. By this
approach, the isotherms for F-rTTR, F-rTTR-SO;H, and
F-rTTR-Cys were constructed and compared. There is a clear
difference in the concentration dependence of 5,, ;,,among the
three species (Fig. 4). Tetramers composed of F-rTTR-SO,H
began to dissociate at a 16-fold lower concentration than did
E-rTTR tetramers, suggesting a stabilizing effect for S-sulfon-
ation. Conversely, at the highest concentration measured, the
Sy0,w Of F-r'TTR-Cys was slightly lower than expected for the
tetramer, suggesting that detectable dissociation was already
occurring. This concentration was almost 16-fold higher than
the concentration where F-rTTR dissociation was initially
detected, suggesting that S-cysteinylation destabilized the qua-
ternary structure of rTTR.

These interpretations were supported and quantified by
modeling of the s, |, isotherms with the program SEDPHAT.
Models for 1—4 association were more appropriate for the
F-rTTR and F-rTTR-SO;H data, whereas the F-rTTR-Cys iso-
therm was fit significantly better with the 1—>2—4 model. That
different models were appropriate for modified forms of the
same protein is not surprising, since 1—4 association is a spe-
cial case of 1—>2—4 association where the dimer state is not
appreciably populated (Kj,_,;,—>). Our results suggest that
S-cysteinylation affects the stability of both the tetramer and
dimer but to different extents. This is not surprising, consider-
ing that the intermolecular interactions comprising the inter-
faces between monomeric subunits are not identical (the tet-
ramer is composed of a dimer of dimers). Despite these
differences in model appropriateness, the three F-r'TTR species
can be compared with respect to initial (tetramer) dissociation
values (¢, for F-rTTR and F-rTTR-SO,H and K, ., for
E-rTTR-Cys). Our results indicate an ~7-fold decrease in the
¢y, of the S-sulfonated form relative to the unmodified form.
Conversely, the K, ., of the S-cysteinylated form was
increased by ~2-fold over the ci, of the unmodified form. It
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should be noted that, in all three cases, the fits demonstrated
only moderate r.m.s.d. values. This is probably due to the fact
that these analyses assume linearity in detector response
between monomeric and tetrameric species. It is possible that
association induces collisional quenching of FITC, leading to
nonlinearity of the fluorescence signal with respect to associa-
tion state. This effect cannot be accurately measured or con-
trolled at this point. However, it is expected that, due to the
relatively steep transitions in the concentration dependence of
S50, w» this effect will result in only minor errors in the determi-
nation of dissociation constants.

In recent years, interest has arisen in exploring the potential
of therapeutic strategies that interfere with amyloid formation
by stabilizing the native state of the precursor protein (42—45).
TTR aggregation has been a model system for this approach,
because small molecules, including the nonsteroidal anti-in-
flammatory drug diflunisal and many of its derivatives, are
reported to stabilize the native tetrameric structure (31, 32, 46).
In this study, we directly investigated the effect of diflunisal on
F-rTTR tetramer structure by analysis of the s isotherms in the
presence and absence of drug. It is clear in this analysis that
diflunisal completely eliminated measurable F-r'T'TR dissocia-
tion in the examined concentration range. This is the first
report of direct analysis of TTR native state stabilization and
suggests that fluorescence-detected analytical ultracentrifuga-
tion may serve as a useful platform for screening potential drug
candidates that inhibit TTR tetramer dissociation.

The analysis of F-r'TTR quaternary structure modulation by
cysteine adducts and diflunisal reported herein was obtained by
sedimentation velocity, a primary analytical method. As such,
the measurements are governed solely by thermodynamic prin-
ciples and are completely independent of solvent conditions.
Thus, the effects of potential structural modulators can be
determined in solvents favoring native amino acid packing
arrangements. Therefore, the shape of the sisotherm is dictated
by quaternary structural rearrangements and is independent of
tertiary or secondary structure. By this logic, our results suggest
that Cys'® adduction, as well as diflunisal, modulate TTR sta-
bility by altering native contacts between the subunits. As
noted, ovalbumin was included as a carrier protein in our
experiments. In addition, an alkaline, nonphysiologic pH was
used for all samples to maximize the fluorescence properties of
FITC. In general, these two factors deviate from standard bio-
physical practice. However, it should be noted that these are
practical limitations based on experimental considerations and
are not indicative of theoretical shortcomings. In addition, our
results are in qualitative accord with complementary analyses
that have suggested a stabilizing effect of S-sulfonation and
diflunisal and a destabilizing effect of S-cysteinylation on wild-
type TTR structure under denaturing conditions (31, 47).

The analyses of the F-rTTR s isotherms presented herein
were possible because the high sensitivity of the fluorescence
optical system (30) allowed monitoring of the dissociation of
the tightly interacting TTR subunits. Furthermore, the selectiv-
ity of the optical system enabled detection of F-r'TTR against a
high background of nonfluorescent co-solutes. Sedimentation
studies in such complex solutions have previously been accom-
plished only with preparative centrifugation followed by frac-
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tionation and detection of tracer molecules by offline fluores-
cence, enzymatic, or immunologic assays (48). Here, we
demonstrated the use of fluorescence-detected sedimentation
velocity to analyze F-r'TTR in a complex, concentrated biolog-
ical fluid (i.e. serum). This result has tremendous importance
because the use of first principles methods to investigate effec-
tors of TTR quaternary structure in such mixtures allows data
to be interpreted in the context of the native, physiologic
milieu. As Fig. 6 makes clear, the most pressing limitation to
this type of analysis is not experimental but lies in the analytical
treatment of the data. Rigorous treatment of sedimentation
data by finite element fitting of the sedimentation transport
equation (36, 49) or by time-derivative analysis (50, 51) requires
that the behavior of the sedimenting species be governed by
well defined parameters. Sedimentation in heterogeneous,
complex mixtures is affected by a number of contributing fac-
tors arising from the sedimentation of high concentrations of
co-solutes. These include the unmixing of co-solute complexes,
the formation of concentration gradients, and the presence of
variable solution density and viscosity. These complicating fac-
tors are not yet characterized well enough to incorporate into
rigorous data analysis.

Despite the lack of a detailed model for sedimentation in
biological fluids, our analysis suggests that a qualitative treat-
ment of the data may be applied, at least in the case of TTR,
thereby facilitating the understanding of these contributions. It
is clear from Fig. 6A that the finite element fit of the transport
equation intersects with the actual data near the approximate
boundary midpoint, suggesting that the sedimentation coeffi-
cient obtained from the c(s) distribution (2.4 S) approximates
the actual sedimentation coefficient of F-r'TTR at 6.25 ug/ml in
serum. In addition, this value is in qualitative agreement with
the sedimentation coefficient determined by boundary mid-
point migration (Fig. 6D), a method that simplifies the determi-
nation of s by ignoring the effects of diffusion and solute-solute
interactions on boundary shape. Our studies suggest that it may
be possible to investigate T'TR self-association using c(s) distri-
bution analyses in a physiologically relevant environment, such
as serum. In this context, the measurement of the concentra-
tion dependence of the sedimentation coefficient may provide
an improved, more realistic model of self-association. It is not
yet clear whether this approach would be applicable to systems
other than TTR; however, the ~2 S decrease in s when deter-
mined in serum as opposed to dilute buffer is consistent with
observations for other similarly sized proteins (41).

The present study, for the first time, demonstrates the
quaternary structural modulation of TTR by both intrinsic
(cysteine adducts) and extrinsic (diflunisal) effectors from
thermodynamic first principles. The results described herein
support the hypothesis that Cys'® adducts modulate the
onset of SSA (or ATTR) by altering the population of mono-
meric (aggregation-prone) with respect to tetrameric (sta-
ble) TTR molecules. Specifically, S-cysteinylation may pro-
mote disease onset, whereas S-sulfonation may protect
against it. [t is anticipated that fluorescence-detected analyt-
ical ultracentrifugation will provide a useful experimental
paradigm not only for further studies of TTR structure but
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also in the investigation of other tightly associating systems
similar to TTR.
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