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ABSTRACT: Kinetic stabilization of transthyretin (TTR) is established to prevent human neurodegeneration.
Therefore, small molecule-mediated kinetic stabilization of the native state is an attractive strategy to
prevent the misfolding and misassembly associated with TTR amyloid disease. Since the physiological
microenvironment resulting in human TTR amyloidogenesis remains unclear, the conservative approach
is to identify inhibitors that function under a variety of conditions. Small molecule kinetic stabilization of
TTR has been established by concentration-dependent inhibition of acid-mediated amyloidogenesis and
urea-induced tetramer dissociation. Since denaturing conditions reduce the binding affinity of inhibitors
making it difficult to predict inhibitor efficacy under physiological conditions, we introduce a method for
quantifying kinetic stabilization under physiological conditions. The rate of subunit exchange between
wild-type TTR homotetramers and wild-type TTR homotetramers tagged with an N-terminal acidic flag
tag is dictated by the rate of tetramer dissociation to its monomeric subunits prior to reassembly, rendering
this method ideally suited for assessing the kinetic stabilization of TTR imparted by small molecule binding
and evaluating small molecule binding constants. Addition of amyloidogenesis inhibitors to this exchange
reaction slows tetramer dissociation in a concentration-dependent manner, stopping dissociation at
concentrations where at least one inhibitor is bound to each tetramer in solution. Subunit exchange enables
the rate of tetramer dissociation and the kinetic stabilization imparted by small molecule binding to be
evaluated under physiological conditions in which the TTR concentration is not reduced by aggregation
or irreversible dissociation.

Transthyretin (TTR)1 is a 55-kDa homotetrameric protein
that functions as a transporter of thyroxine and holo-retinol
binding protein in the blood and cerebral spinal fluid (1).
Extracellular deposition of TTR as amorphous aggregates
and amyloid fibrils is genetically and biochemically linked
to a number of human diseases characterized by nervous
system or organ dysfunction. Deposition of wild-type TTR
in cardiac tissue results in senile systemic amyloidosis (SSA)
affecting 10% of the population over age 80 (2), while >100
destabilizing point mutations predispose individuals to TTR
diseases, including familial amyloid polyneuropathy (FAP),
familial amyloid cardiomyopathy (FAC), and central nervous
system selective amyloidosis (CNSA) (3-7). The only

therapeutic strategy currently available to ameliorate FAP
is liver transplantation, in which a liver secreting a pathologi-
cal TTR variant into the serum is replaced by a liver
producing wild-type TTR. This therapy is expected to be
ineffective for treating SSA and CNSA (TTR subject to
misfolding in CNSA is secreted by the choroid plexus) and
has also been found to be ineffective for treating some forms
of FAP involving mutations other than V30M (8-10).

New therapeutic strategies are being developed that take
advantage of our current understanding of the mechanism
of TTR amyloidogenesis. Tetramer dissociation to a mis-
folded monomeric subunit is rate-limiting for amyloid
formation in vitro and most likely in vivo (11-13). Increas-
ing the kinetic barrier associated with TTR dissociation,
referred to as kinetic stabilization, is known to prevent the
TTR amyloid disease FAP. This knowledge comes from
studies of a compound heterozygous family in Portugal
having one TTR allele encoding the pathogenic mutation
V30M, while the other encodes a T119M variant, which
prevents the development of V30M FAP (14). Incorporating
T119M subunits into TTR tetramers otherwise composed of
disease-associated (V30M) subunits raises the dissociation
barrier for tetramer dissociation through destabilization of
the dissociative transition state, preventing tetramer dissocia-
tion and subsequent amyloidogenesis (15, 16). Kinetic
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stabilization of TTR can also be mediated by selective small
molecule binding to and stabilization of the native tetramer
relative to the dissociative transition state (16). These
amyloidogenesis inhibitors bind to one or both of the
thyroxine binding sites within the TTR tetramer, imposing
kinetic stabilization on the native state (16-23). One of the
amyloidogenesis inhibitors discovered by screening, di-
flunisal, is currently being tested in a placebo-controlled
clinical trial for the treatment of FAP, whereas another
inhibitor, developed by structure-based drug design, will soon
be tested in a clinical trial for FAC.

Small-molecule-mediated kinetic stabilization of TTR has
been previously demonstrated by a decrease in the rate of
tetramer dissociation under denaturing conditions (low pH
or urea) (16). Unfortunately, the use of denaturing conditions
makes it very difficult to choose the most effective small
molecule kinetic stabilizers for use under physiological
conditions because denaturing conditions are known to
differentially alter inhibitor binding constants to TTR.
Moreover, denaturing conditions lead to TTR depletion either
by aggregation (low pH) (12) or by irreversible unfolding
(high urea concentrations) (11), which temporally change
the small molecule inhibitor to TTR tetramer ratio, making
it difficult to discern the inhibitor stoichiometry required to
prevent tetramer dissociation. An evaluation of the kinetic
stabilization of TTR imposed by small molecule binding
under physiological conditions would result in an additional
ranking of amyloidogenesis inhibitors within a given chemi-
cal series. Moreover, this ranking may be highly relevant as
there is experimental support for the hypothesis that TTR
forms amyloid slowly at neutral pH in the extracellular space
of humans (24-27).

Herein, we show that the rate of tetramer dissociation can
be conveniently evaluated by measuring the rate at which
wild-type TTR homotetramers and N-terminally labeled flag-
tag wild-type TTR homotetramers exchange subunits under
physiological (nondenaturing) conditions utilizing anion
exchange chromatography (Figure 1) (28). Previously, it has
been demonstrated that the addition of the flag-tag sequence
to the N-terminus of TTR does not affect the kinetic or
thermodynamic stability of the TTR tetramer (28). Rate-
limiting tetramer dissociation, followed by the rapid re-
assembly of monomeric subunits into tetramers1-5 enable
subunit exchange (Figure 1). Addition of known TTR
amyloidogenesis inhibitors to the exchange reaction decreases
the rate of subunit exchange in a concentration-dependent
manner, demonstrating kinetic stabilization. The subunit
exchange method is useful for rank ordering the efficacy of
the small molecule kinetic stabilizers under physiological
conditions and for checking their experimentally determined
binding constants.

MATERIALS AND METHODS

Expression and Purification of Wild-Type TTR and Flag-
Tag Wild-Type TTR.Both wild-type TTR and flag-tag wild-
type TTR were prepared as previously described (28, 29).
Briefly, both wild-type and flag-tag wild-type TTR were
expressed in BL21Escherichia coli. Selection was performed
in Luria-Bertani broth with 100µg/mL ampicillin (wild-type
TTR) or 150µg/mL kanamycin (flag-tag wild-type TTR). 1
mM IPTG was added to the cells when an OD600nmof 0.8-

1.0 was achieved. Cells were lysed with three rounds of
sonication at 4°C, and the supernatant was collected
following centrifugation. The supernatant was then treated
with a 50% ammonium sulfate and then collected following
centrifugation. TTR was precipitated by centrifugation fol-
lowing a 50-90% ammonium sulfate treatment. The protein
was then dialyzed overnight into 25 mM Tris pH 8.0, 1 mM
EDTA with 7000 MW dialysis tubing (Snakeskin from Pierce
Biomedical). TTR was purified first on a Source15Q anion
exchange column (Amersham Biosciences) eluting with
either a 200-350 mM NaCl gradient (wild-type TTR) or a
200-500 mM NaCl gradient (flag-tag wild-type TTR) at 4
°C. The TTR was further purified by gel filtration chroma-
tography using a Superdex 75 column (Amersham Bio-
sciences; 50 mM sodium phosphate pH 7.2, 100 mM KCl,
1 mM EDTA). The protein was identified by LC-MS analysis
(Hewlitt-Packard 1100-MSD mass spectrometer; wild-type
TTR - 13890; flag-tag wild-type TTR- 15880).

Subunit Exchange of Wild-Type TTR and Flag-Tag Wild-
Type TTR.Homotetrameric wild-type TTR and homotet-
rameric flag-tag wild-type TTR were prepared at the desired
concentrations (0.1, 1, or 20µM; 50 mM sodium phosphate
pH 7.2, 100 mM KCl, 1 mM EDTA). The proteins were
mixed in equal volumes into an eppendorf tube and incubated
at 25 °C for the indicated times. Subunit exchange was

FIGURE 1: Mixing homotetrameric wild-type TTR (tetramer1) and
homotetrameric flag-tag wild-type TTR (tetramer5) results in a
time-dependent exchange of subunits affording tetramers1-5. The
kinetics of the exchange process can be followed until the
monomeric subunits are statistically distributed among tetramers
1-5. The chromatogram demonstrates that tetramers1-5 can be
separated on an anion exchange column, allowing quantification
of the extent of exchange as a function of time.
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followed using a SMART system equipped with aµPeak
monitor and a Mono Q PC 1.6/5 column, as previously
described (28). A total of 50 µL of the exchange reaction
was added to the SMART system running a gradient of 240-
420 mM NaCl in 25 mM Tris pH 8.0, 1 mM EDTA. Because
the flag-tag provides∼6 negative charges to each tagged
TTR subunit (pH 7), the more flag-tag TTR subunits in the
tetramer the longer the retention time on the anion exchange
column. Integration of the observed UV curves was per-
formed using SMART Manager 1.41 software according to
the manager’s instructions. The extent of exchange was
calculated by dividing the integration of the specific tetramer
by the total integration determined for all of the tetramers.
The fraction exchange was calculated using the predicted
statistical distribution of the various stoichiometries at the
end of the exchange reaction (tetramers1 and5: [1 - (extent
of exchange- 0.0625)/(0.50- 0.0625)]; tetramers2 and4:
[extent of exchange/0.25]; tetramer3: [(extent of exchange)/
0.375]). The reported rate constants of exchange were
determined from plotting the fraction exchange data in
Kaleidograph and fitting the results to a first-order single-
exponential kinetic equation.

Modeling of Subunit Exchange in the Presence of Small
Molecules.Mathematical modeling was performed using
Mathematica 5.0 on a Dell Inspiron 4000 with an Intel
Pentium III processor utilizing 256 MB of RAM. The rate
equations (Supporting Information) defining the species
depicted in Figure 3A were simultaneously solved using the
NDSOLVE function. The initial concentrations of tetramer
1 and tetramer5 were varied from 0.1 to 20µM, as indicated
in the text. Similarly, the total ligand concentration was
varied from 0 to 2µM as indicated. The thermodynamic
binding constants for small molecule binding to the TTR
tetramer were varied by changingkoff1 and koff2 to the
appropriate value according to the equationK1 ) kon1/koff1

andK2 ) kon2/koff2, usingkon1 ) kon2 ) 107 M-1 s-1.

Small Molecule Inhibition of Subunit Exchange.Small
molecules were added to both homotetrameric TTR solutions
(wild-type TTR and flag-tag wild-type TTR) at the indicated
concentrations from a 1 mM solution of theappropriate small
molecule in DMSO. The homotetrameric solutions were then
mixed to commence subunit exchange and analyzed as above.

Correlation between Unbound Protein and the ObserVed
Rate Constant of Subunit Exchange.The population of
unbound, singly bound, and doubly bound TTR as a function
of the concentration of6 was calculated using the previously
reported binding constants determined by isothermal titration
calorimetry. The observed rate constant of subunit exchange
for the various concentrations of6 was calculated as above.
The plot was prepared in Kaleidograph fitting the data
representing the dependence of the observed rate constant
of subunit exchange (kapp) and the mole fraction of tetrameric
species to a line with an equation of log [species]) 1.0588
log kapp - 4.2498 with anR2 ) 0.99603.

Similarly, the population of unbound TTR tetramers for
varying concentrations of7-9 was calculated using the
previously reported binding constants. The plot of log-
[unbound tetramer] versus logkapp was prepared as above
yielding a line with an equation of log[species]) 0.74119
log kapp - 4.9028 with anR2 ) 0.95552.

RESULTS

Subunit Exchange between TTR Tetramers Requires Dis-
sociation Followed by Mixing of Monomeric Subunits upon
Reassembly.Before subunit exchange can be used to evaluate
kinetic stabilization, its mechanism must be understood.
Measuring the rate of appearance/disappearance for tetramers
1-5, from mixtures of homotetramers1 and5, provides the
means to discern whether dissociation of tetramers to
monomers is required for subunit exchange and/or whether
other intermediates, such as dimers, are capable of enabling
subunit exchange. The rate of exchange between subunits
of the wild-type TTR homotetramer (tetramer1) and flag-
tag wild-type TTR homotetramer (tetramer5) was evaluated
by mixing equal volumes of tetramer1 (1 µM) and tetramer
5 (1 µM; 25 °C). The distribution of tetramers1-5 was
followed as a function of time by anion exchange chroma-
tography (Figure 1). As subunit exchange proceeds, the
population of mixed tetramers2-4 increases, while the
population of tetramers1 and5 decreases (Figure 1; tetramer
2: (wild-type TTR)3(flag-tag wild-type TTR)1; tetramer3:
(wild-type TTR)2(flag-tag wild-type TTR)2; tetramer 4:
(wild-type TTR)1(flag-tag wild-type TTR)3). The kinetics of
subunit exchange can be fit to a first-order rate equation,
from which a rate constant of subunit exchange (kex) can be
extracted. The rates at which tetramers1 and 5 disappear
and 2-4 appear are nearly identical, as indicated by
determination of a rate constant for each time course
(tetramer1 kex ) 0.027( 0.004 h-1; tetramer2 kex ) 0.028
( 0.01 h-1; tetramer3 kex ) 0.026( 0.005 h-1; tetramer4
kex ) 0.027( 0.003 h-1; tetramer5 kex ) 0.026( 0.005
h-1; n ) 9; in the presence of 0.1% DMSO), suggesting that
TTR must fully dissociate to monomeric subunits prior to
reassembly (Figure 2A). If homotetrameric TTR dissociated
to a stable intermediate capable of reassembly into a tetramer,
such as a dimer, one would expect to see different rates of
exchange for tetramers1-5, which was not observed (Figure
2A). Furthermore, the final amplitude of the observed
exchange corresponds with the predicted statistical distribu-
tion of tetramers (1:4:6:4:1 for tetramers1-5, respectively;
Figure 2A, dashed lines).

Tetramer Dissociation Is Rate-Limiting for Subunit Ex-
change between Wild-Type TTR and Flag-Tag Wild-Type
TTR.The rate of subunit exchange was measured over a 200-
fold change in total TTR concentration (0.1, 1, and 20µM)
to evaluate the dependence of the kinetics of subunit
exchange on the total concentration of protein (Figure 2B).
The amplitude-normalized subunit exchange profiles for all
concentrations of equimolar mixtures of tetramers1 and5
were found to be identical, demonstrating first-order kinetics
(Figure 2B). These data strongly suggest that tetramer
dissociation, which also exhibits first-order kinetics, is rate-
limiting for subunit exchange at pH 7.0, implying that the
process required to reassemble the monomers to tetramers
1-5 is fast relative to tetramer dissociation. This hypothesis
is consistent with the previously reported time scales of TTR
tetramer dissociation (t1/2 ) 42 h) (11) and tetramer reas-
sembly (complete within seconds) (6, 11). Notably, the rate
constant for subunit exchange,kex ) 0.027 h-1, is very similar
to the reported rate constant for TTR tetramer dissociation
(kdiss ) 0.0168( 0.0015 h-1). The 2-fold difference is not
surprising considering that the reportedkdissat 0 M urea (pH
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7.0) was derived by an extrapolation ofkdiss from urea
solutions (6.0 to 8.0 M) (11). Collectively, these data support
the conclusion that the rate of subunit exchange is limited
by the rate of tetramer dissociation; hence, the slow tetramer
dissociation step can be monitored under physiological
conditions using subunit exchange.

Subunit Exchange Can Be Mathematically Modeled.A
mathematical model describing subunit exchange in the
presence of small molecule inhibitors was prepared using
the mechanistic insights discussed above (Figure 3A; Sup-
porting Information). The model utilizes rate constants
associated with the processes of tetramer dissociation (kdiss)
and tetramer assembly (ka). The tetramer dissociation rate
constant used in the model was that determined experimen-
tally for the exchange of wild-type TTR and flag-tag wild-
type TTR in the presence of 0.1% DMSO, the vehicle used
for small molecule addition (kdiss ) kex ) 0.026 h-1), a rate
constant within a factor of 2 ofkdissmeasured experimentally
by extrapolation from urea solutions. Since the mechanism

of tetramer assembly is unknown, the assembly of TTR
tetramers from monomeric subunits was assumed to occur
by a spontaneous and very rapid (ka ) 1020 M-3 s-1) fourth-
order association process. To take into account the statistical
distribution of tetramers1-5, after completion of the
exchange reaction, the assembly rate constant for each
tetramer was multiplied by a factor representing the predicted
statistical distribution (tetramers1 and5: 1/16; tetramers2
and4: 4/16; and tetramer3: 6/16). Initial concentrations of
tetramers1-5 were written directly into the algorithm to
allow for variations in concentration of total protein, which
amounts to tetramer1 + tetramer5 at t ) 0 h. The model
accurately predicts that the rate constant of subunit exchange
is not concentration dependent when varying the total protein
from 0.1 to 20µM, yielding the expected exchange rate
constant (kex) identical to that ofkdiss (Figure 3B;kex ) 0.026
h-1). Furthermore, the appearance/disappearance of tetramers
1-5 are observed to vary at the same rate, reaching a steady-
state at the predicted statistical distribution of subunits
(Figure 3C).

Ligand binding was also included into the subunit ex-
change model to predict the effectiveness of ligands with
different binding constants on the subunit exchange process
(Figure 3A). Small molecule binding was included utilizing
rate constants for ligand binding to the first and second TTR
binding sites (kon1 and kon2, respectively) and ligand dis-
sociation rate constants from the first and second binding
sites of the TTR tetramer (koff1 andkoff2, respectively; Figure
3A). The rate constants used for small molecule binding to
the two thyroxine binding sites (kon1 and kon2) were set to
107 M-1 s-1, which corresponds with experimentally deter-
mined rate constants for ligand binding to the TTR tetramer
(P. Hammarstro¨m, R. L. Wiseman, and J. W. Kelly,
unpublished results) and is similar to known binding rate
constants for protein-ligand interactions (30). The rate
constants of ligand dissociation,koff1 andkoff2, were dictated
by the experimentally determined binding constants,K1 and
K2, and the rate constants of ligand binding (koff1 ) 107 M-1

s-1/ K1; koff2 ) 107 M-1 s-1/K2). Initial ligand concentration
was written into the model directly to evaluate the depen-
dence of the rate of subunit exchange on the concentration
of different amyloidogenesis inhibitors.

Inhibition of Subunit Exchange by Small Molecule Binding
ReVeals that Only TTR But Not TTR‚I or TTR‚I2 Can
Undergo Tetramer Dissociation and Subunit Exchange.To
evaluate the effects of ligand binding on the tetramer
dissociation rate reflected by the rate of subunit exchange,
varying concentrations of a known amyloidogenesis inhibitor,
compound6 (Figure 4), were incubated with homotetrameric
wild-type TTR and homotetrameric flag-tag wild-type TTR
prior to mixing them to initiate the exchange reaction (Figure
5A; 25 °C; pH 7.0). As the concentration of6 was increased
from 0 to 2 µM ([TTR] Total ) 1 µM), the apparent first-
order rate constant for subunit exchange,kapp, decreased
(Table 1), demonstrating an inverse relationship between the
concentration of small molecule and the rate of exchange
(Figure 5A). Long-term incubation (>1000 h) of the
exchange reaction in the presence of6 (2 µM; Figure 5A
open circles displays only the early time course) shows that
the reaction eventually proceeds to completion, albeit much
more slowly than in the absence of6 (data not shown). These
data directly demonstrate that6 kinetically stabilizes the

FIGURE 2: The rate of subunit exchange is governed by the rate of
TTR tetramer dissociation. (A) The time course of subunit exchange
was measured by following the appearance/disappearance of peaks
corresponding to tetramers1-5 on the anion exchange chromato-
gram. The rate constant for the disappearance of1 and5 is identical
to the rate constant for the appearance of2-4, consistent with the
complete dissociation of the tetramers to monomers prior to
reassembly. The dashed lines represent the predicted statistical
distribution of tetramers1-5 upon completion of the subunit
exchange reaction. Tetramer1: filled circles, tetramer2: open
squares, tetramer3: filled triangles, tetramer4: crosses, and
tetramer5: open circles. (B) The amplitude-normalized time course
of the appearance of tetramer3 initiated by mixing equal volumes
and concentrations of tetramers1 and5 giving a final concentration
of 0.1µM (filled circles), 1µM (open squares), and 20µM (crosses)
TTR. The normalized rate of subunit exchange is independent of
the protein concentration because tetramer dissociation is rate-
limiting.
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native TTR tetramer, decreasing the rate of tetramer dis-
sociation. Utilizing the mathematical model outlined in
Figure 3A andK1 andK2 determined by isothermal titration
calorimetry (ITC) (21) (Figure 4) demonstrates that the
experimental data (Figure 5A symbols) can be very ac-
curately predicted by the model system (Figure 5A, black
lines; R2 > 0.99 in all cases, Table 1).

The populations of unbound (T), singly bound (T‚6), and
doubly bound (T‚62) TTR tetramers were calculated for
several concentrations of6, using the previously determined
binding constants. Plotting the log of the concentration of
the various tetrameric species versus the log ofkapp reveals

a linear correlation between T and the observed rate constant
of subunit exchange (Figure 5B). The log ofkapp did not
display a linear correlation with either T‚6 or T‚62, implying
that these species are not responsible for measurable subunit
exchange. Calculatingkappdetermined from the model under
identical conditions displays a similar linear correlation with
the concentration of T, resulting in a line with a slope nearly
identical to that yielded by the experimental results (data
not shown). The strong correlation betweenkapp and T but
not T‚6 or T‚62 as a function of the concentration of6
suggests that neither T‚6 or T‚62 are able to undergo tetramer
dissociation on a biologically relevant time scale (Figure 5C).

FIGURE 3: A mathematical model can be developed that accurately predicts the subunit exchange reaction. (A) Overview of the inputs to
the model used to predict the effect of small molecule inhibitors on the subunit exchange reaction. A detailed description of the model
along with the mathematical code employed can be found in the Supporting Information. Briefly, the model is defined by the rate constants
of tetramer dissociation (kdiss), tetramer assembly (ka), and ligand binding (kon1, kon2, koff1, koff2). To vary the protein or ligand concentrations,
the initial conditions were defined by entering the concentrations of the various species att ) 0 h. (B) Mathematically derived amplitude
normalized subunit exchange rates for 0.1 (circles), 1 (squares), and 20 (crosses)µM TTR as indicated by measuring the appearance of
tetramer3. Subunit exchange displays the same first-order kinetics regardless of the total protein concentrations, in agreement with the
experimental results. (C) Mathematically derived exchange rates for tetramers1-5 calculated using the above model (A). All of the tetrameric
species appear/disappear with the same first-order kinetics, in agreement with the experimentally observed results. Tetramer1: circles;
tetramer2: upside down triangle; tetramer3: crosses; tetramer4: diamonds; tetramer5: squares.
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Therefore,kapp is dependent not only on the inherent rate
constant of tetramer dissociation (kdiss) but also on the ligand
concentration and the thermodynamic binding constants of
the small molecule amyloidogenesis inhibitors to each
thyroxine binding site. These data corroborate recently
published studies demonstrating that binding of a small
molecule to one of the two T4 binding sites is sufficient to
impose kinetic stabilization on the entire TTR tetramer (31,
32).

Other Established Small Molecule Amyloidogenesis In-
hibitors also Kinetically Stabilize the TTR Tetramer against
Subunit Exchange under Nondenaturing Conditions.To
demonstrate the generality of small molecule inhibition of
subunit exchange, wild-type TTR (tetramer1; 1 µM) and
flag-tag wild-type TTR (tetramer5; 1 µM) were preincubated
with small molecules7-10 (1 or 2µM; Figure 6A-D) and
mixed to initiate subunit exchange, monitoring the exchange
reaction by anion exchange chromatography (25°C; pH 7.0).
Because7-10 display different binding constants and
binding cooperativities for the two thyroxine binding sites
(Figure 4), one could expect to observe a different inhibitor
efficacy from the subunit exchange analyses (16, 33).
Compounds7-9 inhibit subunit exchange similarly to6
(Figure 6A-C). Preincubation of7-9 (1 µM; [TTR] total )
1 µM) resulted in a decrease in the rate of subunit exchange.
All of these samples completely exchanged subunits after
long-term incubation (>1000 h; data not shown). Increasing
the concentration of7-9 to 2 µM dramatically reduced the
rate of subunit exchange (Figure 6A-C). However, com-
pounds7 and 8 still allow very slow subunit exchange,
achieving complete exchange only after long incubation
periods (>2000 h; data not shown), unlike compound9
which completely prevented subunit exchange under these
conditions (Figure 6C).

Applying the mathematical model of subunit exchange (as
accomplished above for6) to inhibitors 7 and 8 using the
experimentally determined binding data (16, 21) demon-
strates that the experimentally observed inhibition of ex-
change (Figure 6A,B; symbols) is very similar to the
predicted inhibition of tetramer dissociation and subunit
exchange (Figure 6A,B; black lines). Compounds7 and 8
do perform slightly better than predicted, which can be
attributed to experimental error in the determination of the
binding constants and the experimental error in subunit
exchange analysis. The predicted inhibition of subunit
exchange by9, based on the previously reported thermody-

namic binding constants (Figure 6C; black lines), signifi-
cantly underestimates the experimentally observed inhibition
when 9 is studied at 1µM (16). Since the experimentally
determined binding constants for9 are at the upper limit of
sensitivity for traditional ITC (34), it is reasonable to assume
that the actual binding constants for9 are higher than
previously thought. Varying the binding constants of9
increases the accuracy of the fit. The mathematical model

FIGURE 4: Structures of the small molecule inhibitors6-10. The
thermodynamic binding constants, determined from isothermal
titration calorimetry analysis, are indicated.

FIGURE 5: The extent of subunit exchange, as a function of time,
allowed by inhibitor6 can be directly correlated with the amount
of unliganded TTR tetramer in the subunit exchange reaction. (A)
Time course of subunit exchange (measuring the appearance of
tetramer3; total TTR ) 1 µM) as a function of the concentration
of 6. The symbols represent the experimental results, whereas the
solid lines represent the predicted rate of exchange according to
the mathematical model of subunit exchange. TheR2 values of the
predicted fit can be found in Table 1. Control (TTR in the absence
of 6) filled circles; 0.25µM 6: open squares; 0.5µM 6: filled
diamonds; 0.75µM 6: open triangles; 1.0µM 6: filled triangles;
1.25 µM 6: crosses; 1.75µM 6: filled wedges; 2.0µM 6: open
circles. (B) Plot of the log of the various tetrameric species (unbound
tetramer: filled circles; TTR‚6: open squares; and TTR‚62: filled
triangles) versus the log ofkapp (measured by the appearance of
tetramer3), representing the rate of subunit exchange in the presence
of varying concentrations of6. The concentration of the tetrameric
species was calculated from the binding constants of inhibitor6
(Figure 4). Only the unliganded TTR tetramer concentration
correlated with the rate of subunit exchange, demonstrating that
only the unliganded TTR tetramers are capable of dissociating and
undergoing subunit exchange. (C) Pictorial summary of (B)
demonstrating that unliganded TTR and not TTR‚6 or TTR‚62
contribute to the observed dissociation and subsequent subunit
exchange of the TTR tetramer. Unbound TTR tetramer: T; singly
bound TTR tetramer: T‚I; doubly bound TTR tetramer: T‚I2; rate
of tetramer dissociation:kdiss; thermodynamic binding constants:
K1 andK2.
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suggests that9 binds with negative cooperativity whereK1

) 2 × 1010 M-1 andK2 ) 1 × 109 M-1 (Figure 6C, dashed
lines), in contrast to the previously determined binding
constants for9 determined by ITC (Figure 4).

The population of unbound tetramer in the presence of
compounds6-9 (0.5, 1.0, and 2.0µM) was calculated using
the reported binding constants determined by ITC (Figure
4). Plotting the log of the concentration of unbound TTR
against the log ofkapp demonstrates a linear dependence
(Figure 7A), analogous to that observed for varying con-
centrations of6 (Figure 5B). In contrast, plotting the log of
either the singly bound tetramer (T‚I) or the doubly bound

tetramer (T‚I2) concentrations against the log ofkapp does
not exhibit a linear relationship (Figure 7B,C). Collectively,
these data demonstrate that tetramer dissociation and subunit
exchange can only proceed from T and not from either the
singly bound tetramer (T‚I) or the doubly bound tetramer
(T‚I2).

Inhibition of TTR subunit exchange by inhibitor10 was
significantly different than the inhibition of exchange by
6-9. Incubating10 (1 µM) with TTR (1 µM) yields a value
for kapp (0.021 h-1) that is very similar to the control in the
absence of inhibitor (controlkex ) 0.026 h-1), while the
amplitude of the observed exchange reaction was reduced
to 40% of TTR without inhibitor (Figure 6D). Long-term
incubation (>2400 h) of the subunit exchange reaction in
the presence of10 (1 µM) reveals that the reaction still slowly
proceeds toward completion (data not shown). Increasing the
concentration of10 to 2 µM results in complete inhibition
of subunit exchange (Figure 6D). Applying the mathematical
model to the subunit exchange reaction, using the previously
reported binding constants for10determined by ITC (Figure
4) (22), does not accurately predict the observed results
(Figure 6D; black lines). However, we have reason to believe
that the binding constants for10 were significantly under-
estimated by ITC. Mass spectrometric analysis carried out
in collaboration with Carol Robinson’s lab reveals that10
binds to the TTR tetramer with positive cooperativity, which
would not be discernible by ITC (35). Modeling the
inhibition of subunit exchange by10demonstrates that once
koff2 < kdiss, the predicted inhibition profile for10 (1 µM) is
very similar to the experimental data (Figure 6D; dashed
lines). Because the experimentally derived profile depends

Table 1: Apparent Rate Constants of Subunit Exchange (kapp) in the
Presence of Varying Concentrations of6 ([TTR]total ) 1 µM)a

[6]
(µM)

apparent
rate constant

(kapp; h-1)
R2 value

from model fit

0 0.026 0.997
0.25 0.019 0.998
0.5 0.011 0.995
0.75 0.0099 0.994
1.0 0.0054 0.998
1.25 0.0039 0.995
1.75 0.0017 0.979
2.0 0.0011 0.999

aData from Figure 5A. The apparent rate constant (kapp) is not only
dependent on the rate constant for tetramer dissociation (kdiss) but also
on the ligand concentration and the thermodynamic binding constants
of the inhibitorsK1 andK2. The correlation between the experimental
results and the predicted results from the mathematical model (presented
in Figure 3A) is demonstrated by the favorableR2 values for the
different concentrations of6.

FIGURE 6: The extent of kinetic stabilization revealed by the time course of subunit exchange depends on the inhibitor binding constants
and the inhibitor concentration.A-D Subunit exchange reaction in the presence of 1 or 2µM inhibitor ([TTR]total ) 1 µM; A: 7; B: 8; C:
9, and D: 10). The symbols (no inhibitor: filled circles; 1µM inhibitor: open squares; 2µM inhibitor: filled squares) represent the
experimentally observed subunit exchange time course and the lines represent the mathematically predicted exchange rate, using the previously
reported thermodynamic binding constants determined from ITC (Figure 4). The dashed lines in C and D represent a more accurate fit of
the experimental data, achieved by varying the thermodynamic binding constants in the mathematical model.
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primarily on koff2, it is difficult to predict the binding
constants for10 binding to TTR, but these results suggest
that binding displays very high affinity and positive co-
operativity.

DISCUSSION

Small molecule-mediated kinetic stabilization of the TTR
tetramer is an attractive therapeutic strategy to prevent and
hopefully treat the TTR amyloidoses (16, 36). Increasing the
energetic barrier associated with tetramer dissociation is
known to prevent TTR amyloid disease in compound
heterozygotes expressing both the trans-suppressor subunit

(T119M) and the FAP-associated subunit, V30M (14, 15).
Small molecule binding can also increase the energetic barrier
for tetramer dissociation by selectively stabilizing the tet-
rameric ground state relative to the dissociative transition
state (16). Since the small molecule strategy mimics the
mechanism of trans-suppression, there is reason for optimism
that these inhibitors will be effective for treating TTR
amyloid disease.

Although kinetic stabilization, imposed by small molecule
amyloidogenesis inhibitor binding, has been demonstrated
utilizing denaturing conditions (low pH and high urea
concentrations) (16-18, 23), it is difficult to predict the
efficacy of small molecule inhibitors under physiological
conditions, owing to the influence of denaturing conditions
on the inhibitor binding constantsK1 andK2. Furthermore,
since both acid-mediated aggregation and urea-mediated
dissociation/unfolding assays continuously deplete the native
TTR tetramer due to aggregation and dissociation/unfolding,
respectively, the relative concentrations of unbound (T),
singly bound (T‚I), and doubly bound (T‚I2) TTR tetramers
is constantly changing throughout each assay, further com-
plicating the analysis of inhibitor efficacy. Last, the use of
low pH and chaotropes to measure kinetic stabilization may
not be physiologically relevant to amyloidogenesis of TTR
in vivo. TTR amyloid deposits are observed in the extracel-
lular space where the pH is near neutral; therefore, it is
important to analyze the efficacy of small molecule kinetic
stabilizers at a physiologically relevant pH.

Subunit exchange is an ideal method to evaluate the extent
of kinetic stabilization imposed on the TTR tetramer by small
molecule inhibitor binding. In contrast to other methods used
to demonstrate kinetic stabilization, subunit exchange offers
the ability to measure the tetramer dissociation rate at
constant concentrations of small molecule and tetrameric
TTR, i.e., under nondenaturing conditions. The subunit
exchange method demonstrates that increasing the barrier
for tetramer dissociation is achieved either by increasing the
concentration of ligand or by using ligands with higher
binding constants. Furthermore, the chromatographic method
utilized to follow the kinetics of the exchange process in
the presence of small molecule ligands is readily available
in the majority of laboratories.

Subunit exchange also offers an opportunity to scrutinize
previously determined inhibitor binding constants to TTR.
Fitting the subunit exchange time courses over a range of
ligand concentrations allows for the confirmation or deter-
mination of binding constants from a simple modeling
analysis. We provide evidence that the binding constants for
amyloidogenesis inhibitors9 and10 are slightly underesti-
mated by ITC. This is not surprising considering that the
measured binding constants were at the upper limit of ITC
sensitivity. Subunit exchange modeling was even capable
of substantiating the positive TTR binding cooperativity
exhibited by10, previously suggested by mass spectrometric
analysis, although the exact binding constants could not be
estimated because of their magnitude. Using both the
exchange model and the experimental subunit exchange
profile at specific inhibitor concentrations, it is now possible
to refine the thermodynamic binding constants of amyloido-
genesis inhibitors to TTR.

Subunit exchange can also demonstrate that TTR tetramers
bound by only one inhibitor cannot undergo tetramer

FIGURE 7: Plots of the log of the concentration of various tetrameric
species [unbound tetramer (A); TTR‚I (B); and TTR‚I2 (C)] versus
the log of kapp (measured by the appearance of tetramer3),
representing the rate of subunit exchange in the presence of varying
concentrations of compounds6-9. 6: circles; 7: squares;8:
diamonds;9: upside-down triangles. These plots demonstrate that
the rate of subunit exchange best correlates with the concentration
of unliganded TTR (line in A) and poorly with TTR‚I (B) and TTR‚
I2 (C). The concentration of the tetrameric species was calculated
from the thermodynamic binding constants in each case (Figure
4).
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dissociation. It is established that TTR tetramers bound by
two small molecule ligands are kinetically stabilized against
dissociation (16, 17); however, the denaturing conditions
previously used to demonstrate this stabilization precludes
drawing conclusions about the kinetic stability of T‚I. We
have recently shown with substantial effort that tethering a
single small molecule amyloidogenesis inhibitor to the TTR
tetramer is sufficient to kinetically stabilize the entire TTR
tetramer, preventing dissociation under denaturing conditions
(32). Because the tetramer to small molecule ratio does not
vary under the conditions of the subunit exchange reaction,
it is possible to demonstrate herein that singly bound TTR
tetramers do not dissociate under physiological conditions
without having to covalently tether the inhibitor to the TTR
tetramer. Under all conditions studied, the apparent rate
constant of subunit exchange,kapp, correlates only with the
concentration of unliganded TTR tetramers (T). If singly
bound TTR tetramers were capable of undergoing dissocia-
tion and subunit exchange, one would expect to observe a
deviation from this linear relationship. The kinetic stability
of T‚I demonstrates that it is not necessary to form T‚I2 to
prevent tetramer dissociation, thus allowing lower doses of
inhibitors to be used in clinical trials.

The promise of small molecule-mediated kinetic stabiliza-
tion as a therapeutic strategy to prevent protein misfolding
diseases has provided incentive for the development of
methods to demonstrate kinetic stabilization under physi-
ological conditions. Evaluating the rate of subunit exchange
is an attractive strategy to demonstrate kinetic stabilization
of oligomeric proteins. Assays based on subunit exchange
rates could be used to identify small molecule kinetic
stabilizers of oligomeric proteins, other than TTR, that
misfold, such as superoxide dismutase whose dissociation
and misfolding are associated with amyotrophic lateral
sclerosis (ALS) (37). This strategy should not be limited to
homooligomers but could also be used to identify small
molecules that stabilize heterooligomeric complexes by
measuring the exchange between tagged and untagged
subunits. Such an approach could be useful for identifying
small molecule stabilizers of heterodimeric complexes
between huntingtin and huntingtin binding proteins, provid-
ing an opportunity to stabilize the huntingtin protein whose
misfolding appears to be associated with Huntington’s
disease (38).

Although appending the flag-tag sequence to the N-
terminus of TTR does not affect the kinetic or thermody-
namic stability of the tetramer (28), this modification may
affect the kinetics and/or thermodynamics of other oligomeric
complexes. Isotope incorporation or the addition of fluoro-
phores before or after subunit exchange may be more suitable
for following subunit exchange in other systems utilizing
mass spectrometry, FRET, or the like. Because the subunit
exchange method can be readily adapted to probe kinetic
stabilization of a wide range of oligomeric proteins, this
strategy offers promise for the identification and development
of small molecule kinetic stabilizers for numerous proteins
that misfold and result in disease.
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