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The formation of amyloid aggregates is the hallmark of the amyloidogenic
diseases. Transthyretin (TTR) is involved in senile systemic amyloidosis
(wild-type protein) and familial amyloidotic polyneuropathy (point
mutants). Through the use of high hydrostatic pressure (HHP), we com-
pare the stability among wild-type (wt) TTR, two disease-associated
mutations (V30M and L55P) and a trans-suppressor mutation (T119M).
Our data show that the amyloidogenic conformation, easily populated
in the disease-associated mutant L55P, can be induced by a cycle of
compression–decompression with the wt protein rendering the latter
highly amyloidogenic. After decompression, the recovered wt structure
has weaker subunit interactions (loosened tetramer, T4

p) and presents a
stability similar to L55P, suggesting that HHP induces a defective fold in
the wt protein, converting it to an altered conformation already present
in the aggressive mutant, L55P. On the other hand, glucose, a chemical
chaperone, can mimic the trans-suppression mutation by stabilizing the
native state and by decreasing the amyloidogenic potential of the wt
TTR at pH 5.0. The sequence of pressure stability observed was: L55P,
V30M , wt p T119M. The pressure dissociation of L55P at 1 8C exhibited
dependence on protein concentration, allowing us to assess the volume
change of association and the free-energy change. After a cycle of
compression–decompression at 37 8C and pH 5.6 or lower, all amyloido-
genic variants underwent aggregation. Binding of bis-(8-anilinonaphtha-
lene-1-sulfonate) (bis-ANS) revealed that the species formed under
pressure retained part of its tertiary contacts (except T119M). However,
at neutral pH, where aggregation did not take place after decompression,
bis-ANS binding was absent. Thus, TTR has to experience this partially
folded conformation to undergo aggregation after decompression. Over-
all, our studies provide evidence that amyloidogenesis correlates with
less packed structures (larger volume changes) and high susceptibility to
water infiltration. The hydration effects can be counteracted by osmolytes
or by a specific mutation.
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Introduction

Protein misfolding has been implicated in a
number of diseases such as Alzheimer’s disease,
Parkinson’s disease, transmissible spongiform
encephalopathies, Huntington’s disease, familial
amyloidotic polyneuropathy, cystic fibrosis, type II
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diabetes, and a number of other well-known
diseases.1 – 4 The deposition of insoluble amyloid
fibrils is a characteristic of the pathogenesis of
most of these diseases, but relatively little is
known about the mechanisms that underlie
fibrillogenesis.1 Transthyretin (TTR) is a tetrameric
protein composed of identical 127 residue subunits
having predominantly a b-sheet structure.5,6 The
eight strands present in TTR are organized into
two b-sheets (DAGH and CBEF). TTR is found in
human plasma (0.1–0.4 mg/ml) and cerebral
spinal fluid (0.017 mg/ml). The plasma form
serves as a secondary carrier for thyroxine and for
binding retinol-binding protein.7,8 Wild-type (wt)
TTR is responsible for senile systemic amyloidosis,
a disease that affects 25% of people over 80
years old, and is characterized by heavy amyloid
deposits in the heart.9 On the other hand, more
than 80 point mutants of TTR have been described
thus far, most of them involved in familial amyl-
oidotic polyneuropathy.10 In general, familial
amyloidotic polyneuropathy patients present the
first symptoms by the second or third decade
with peripheral neuropathy, cardiomyopathy,
carpal tunnel syndrome, and vitreous opacities.11

Among the described mutants of TTR, V30M
and L55P are the most important because of a
high frequency of occurrence and aggressiveness
of the symptoms evoked, respectively. On the
other hand, the non-amyloidogenic mutant T119M
has been described as an interallelic trans-suppres-
sor variant in compound heterozygotes that
alleviates the aggressiveness of V30M disease.12 – 14

Although the resolution of the crystal structure
of several amyloidogenic mutants has not shown
significant differences from the wt protein,15,16

several other studies have focused on the mecha-
nisms that could explain their higher propensity to
undergo aggregation.17 –20 It is now well accepted
that an amyloidogenic intermediate with an altered
conformation occurs prior to fibril formation. TTR
mutants are more easily denatured by low pH
when compared to the wt protein.19,21 Although
this lower stability of the mutant proteins can
explain their higher tendency to aggregate, acidic
pH by itself induces aggregation of the aggressive
mutant and the wt protein.

The oligomeric state of the amyloidogenic inter-
mediate is still under debate.22 – 24 The acid-induced
denaturation experiments have suggested a mono-
mer as precursor for fibrillogenesis, while recent
evidence obtained by the use of high hydrostatic
pressure (HHP) pointed to the possible partici-
pation of an altered tetramer in equilibrium with
monomers as the raw material for fibril formation
in senile systemic amyloidosis.22 Recently, the crys-
tal structure of the highly amyloidogenic triple
mutant G53S/E54D/L55S at 2.3 Å resolution
revealed that it is a tetramer.25 Other evidence for
the possible participation of an oligomeric species
(either a dimer or a multiple of it) as the building
block for TTR aggregation comes from the studies
performed by Serag and co-workers, where

cysteine substitution mutants were employed.23

However, there is equally compelling evidence
against the participation of a dimeric intermediate
in amyloidosis.26 Deciphering whether a mono-
meric or an oligomeric intermediate is the key
intermediate is complicated by the fact that these
intermediates are in equilibrium with each other.

HHP has been used successfully to denature and
dissociate proteins, protein–DNA complexes and
virus particles.27,28 A unique property of pressure-
induced denaturation is the formation of partially
folded or molten-globule states at equilibrium,
reported in several cases.28 In the last three years
the use of HHP has been expanded and large
protein aggregates have been studied successfully
by this methodology.29 – 32 In addition, we have
shown recently that after a cycle of compression–
decompression, wt TTR formed fibrils under mild
conditions (pH 5–5.6, 37 8C). At 0 8C, the main
quaternary structure recovered was tetrameric
TTR, and the tetramers were less stable than the
native, non-pressurized TTR. This altered tetramer
is called T4

p and is thought to represent a pre-
aggregate state of TTR.22 More recently, Niraula
and co-workers described a decrease in thermo-
dynamic stability of V30M in relation to the wt
protein at neutral pH.33

In the present study, we compare the stability
against pressure of wt TTR to variants (T119M,
L55P and V30M). Unlike the wt protein, L55P
presents concentration-dependence in the pressure
curves, which allows us to calculate the volume
and free-energy changes of association. After a
cycle of compression–decompression at 37 8C, the
amyloidogenic variants aggregate into amyloid
fibrils. Under pressure at acidic pH, L55P, V30M
and wt proteins bind bis-(8-anilinonaphthalene-1-
sulfonate) (bis-ANS), suggesting the formation of
a partially folded state. The compression curve
displayed by L55P resembles the decompression
curve of the wt protein, indicating that HHP treat-
ment tends to convert the wt TTR into an “L55P-
like” protein. Less packing and higher suscepti-
bility to infiltration by water can explain both the
lower pressure stability and higher amyloido-
genicity of L55P. Perturbation of the hydration
effects by osmolytes renders the wt protein more
stable and less amyloidogenic upon pressure
release.

Results and Discussion

Comparing the thermodynamic stability of wt
and variants of TTR at 1 8C and at 37 8C by the
use of HHP

Figures 1 and 2 show the effects of HHP at pH
7.5 on wt, L55P, V30M and T119M at 1 8C (Figure
1) and at 37 8C (Figure 2). The average energy of
tryptophan emission (center of spectral mass) was
used as a sensor of the conformational changes
induced by HHP (Figures 1(A) and 2(A)). The
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extent of reaction (a) was calculated according to
equation (2) and plotted in Figures 1(B) and 2(B).
At 1 8C, L55P was the most labile variant (Figure
1(B), triangles) followed by V30M (diamonds), wt
(circles) and T119M (squares). The mutant T119M
was not dissociated by pressure even at 1 8C. In
Figure 2, the experiments were performed at 37 8C

and the same sequence of stability was observed:
L55P , V30M , wtPPP/T119M. It is worth
emphasizing that at 37 8C the stability of V30M
against pressure was more closely related to that
of L55P, while at 1 8C its stability resembled that
of the wt protein (Figures 1(B) and 2(B) and see
the p1/2 values presented in Table 1). The L55P and

Figure 1. Dissociation–denatura-
tion of TTR variants under pressure
at 1 8C. (A) The center of spectral
mass of tryptophan was followed
as a function of pressure at pH 7.5.
(B) T119M; (X) wt; (V) V30M and
(O) L55P. (B) Extent of reaction
(a) as a function of pressure calcu-
lated from equation (2) using the
curves presented in A. Protein
concentration was 1 mM in all
cases. Excitation was set at
280 nm and emission collected
from 300 nm to 400 nm.

Figure 2. Dissociation–denatura-
tion of TTR variants under pressure
at 37 8C. (A) The center of spectral
mass of tryptophan was followed
as a function of pressure at pH 7.5.
(B) T119M; (X) wt; (V) V30M and
(O) L55P. (B) Extent of reaction (a)
as a function of pressure calculated
from equation (2) using the curves
presented in A. Other conditions as
in Figure 1.
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V30M variants were shown to be more susceptible
to acid denaturation than the wt protein.19

Table 1 summarizes the spectroscopic properties
of TTR variants and the p1/2 values obtained at
1 8C and at 37 8C. The comparison of p1/2 values at
these two temperatures shows the higher sensi-

tivity of the denaturation of TTR to low tempera-
ture, which confirms the crucial role of hydro-
phobic interactions in maintaining the native,
tetrameric structure of TTR.

Recently, Schneider and co-workers34 observed
that subunit exchange of wt TTR was more pro-
nounced at 4 8C than at 37 8C, in agreement with
the lower tetramer stability at low temperatures
reported here. The hydrophobic interactions are
evident in the crystal structure of TTR, where they
contribute to the edge-to-edge and face-to-face
dimer interface.6 It is convenient to investigate the
folding mechanism of TTR at low temperatures,
since aggregation can be avoided.

We note that the initial center of spectral mass
values recovered completely after decompression
(see Figure 5(B), broken line as an example) for
all proteins. In size-exclusion chromatography,
all proteins were recovered nearly completely as
tetramers after decompression (not shown).

Pressure-induced aggregation of TTR variants

After a cycle of compression–decompression at
37 8C and pH 5.6, wt TTR undergoes aggregation
forming amyloid fibrils.22 To investigate whether
pressure could induce fibril formation in the var-
iants of TTR, the proteins were incubated at pH
5.6 under 3000 bar (1 bar ¼ 105 Pa) for 60 minutes
at 37 8C. This incubation time is enough to shift
the tryptophan emission completely to the red.
After this time, pressure was released and the
light scattering (LS) was monitored at atmospheric
pressure (Figure 3(A)). The increases in LS were
very pronounced and fast for L55P, intermediate
for V30M and wt, and absent for T119M. The inset
shows for comparison a control experiment where
the L55P was incubated at pH 5.6, always at atmos-
pheric pressure (open triangles). As expected, a
slow, spontaneous fibrillogenesis is observed at
this pH, causing a fourfold increase in LS. How-
ever, the extent of aggregation of L55P after decom-
pression was significantly higher, suggesting a
massive formation of fibrils after pressure treat-
ment (filled triangles). Figure 3(B) shows a similar
experiment where thioflavin emission was used as
an indicator of fibril formation. In this case, wt
TTR was used. These data suggest that pressure
treatment forms fibrils that bind thioflavin T.

From these experiments, we can conclude
that there is also an inverse correlation between

Table 1. Spectroscopic properties of wt and mutants of TTR at pH 7.5

Center of mass initial
(cm21 nm21) 1 8C

Center of mass final
(cm21 nm21) 1 8C

p1/2

(bar) 1 8C
Center of mass initial

(cm21 nm21) 37 8C
Center of mass final
(cm21 nm21) 37 8C

p1/2

(bar) 37 8C

WT 29,390/340 28,900/346 1,150 29,430/340 29,000/345 2,670
L55P 29,450/340 28,800/347 690 29,450/340 28,900/346 1,500
V30M 29,420/340 28,930/346 980 29,370/340 28,840/347 1,850
T119M 29,440/340 29,340/341 – 29,500/339 29,390/340 –

p1/2 ¼ pressure where the extent of reaction is 50%.

 
 
 

Figure 3. HHP induces fibril formation after decom-
pression. (A) The proteins were subjected to 3 kbar
during ,60 minutes at 37 8C. After pressure release, the
light-scattering (LS) was measured and normalized to
the initial value (LS/LS0). Conditions: (B) T119M, 5 mM,
pH 3.7; (X) wt, (V) V30M and (O) L55P were at 1 mM
and pH 5.6. Inset: L55P (1 mM) was incubated at pH 5.6
at atmospheric pressure and LS was recorded (K). For
comparison, the curve obtained after pressure release
from A is presented (O). (B) wt TTR was compressed in
the presence of 5 mM thioflavin. After pressure release,
fluorescence intensity at 482 nm was recorded (W). The
data are plotted together with the LS increase obtained
simultaneously (X). The LS was measured by exciting
the samples at 320 nm and collecting the emission from
315 nm to 325 nm. The areas under the spectra were
used to evaluate the extent of aggregation.
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stability against HHP and amiloidogenicity: the
higher the stability, the lower the aggregation after
pressure treatment.

Inhibition of pressure-induced
amyloidogenesis by glucose

Experimental and theoretical approaches indi-
cate that the underlying mechanism of pressure
unfolding is the penetration of water into the pro-
tein matrix.35 – 37 The stabilizing effect of cosolvents
such as sugars, polyols or methylamines on the
denaturation process has been studied extensively
and the most accepted interpretation for this
stabilization is the preferential exclusion of such
cosolutes from the protein domains (preferential
hydration), which shifts the equilibrium towards
the native state.38 Recent reports have addressed

the effects of different cosolvents on the aggre-
gation.39,40

Here, we investigate the effects of 1 M glucose
(Figure 4) on the pressure-induced denaturation
(Figure 4(A)) or on the aggregation (Figure 4(B))
of wt TTR. As seen, glucose exerts a protective
effect on the denaturation of wt TTR at pH 5.0
and 37 8C as followed by the center of spectral
mass change (Figure 4(A)). The p1/2 value increases
,1000 bar in the presence of glucose. Interestingly,
when present under aggregating conditions,
glucose inhibits almost completely the aggregation
of wt TTR after pressure release (Figure 4(B)). The
effects of glucose were concentration-dependent
and another sugar, sucrose, had similar effects
(not shown).

These data suggest that glucose stabilizes a
native, fibril-incompetent species be it either the
native tetramer or the native monomer. In Figure

Figure 4. Protective effects of
1M glucose on the pressure-
induced dissociation–denatura-
tion (A) or aggregation (B) of wt
TTR. In (A), at pH 5.0, 37 8C,
1 mM wt TTR was compressed in
the absence (W) or in the presence
of 1 M glucose (X) and the center
of spectral mass of tryptophan
was followed as a function of
pressure. For comparison, the
compression curve of T119M is
displayed at pH 3.7; 37 8C (A). In
(B), at pH 5.0, 37 8C, 3.5 mM wt
TTR was subjected to 3 kbar
during ,60 minutes in the
absence (W) or in the presence of
1 M glucose (X). After pressure
release, the light-scattering (LS)
was measured and normalized
to the initial value (LS/LS0).
Other conditions were as
described for Figures 1 and 3.
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4(A), the pressure–denaturation curve of T119M
at pH 3.7, 37 8C in the absence of any cosolvent
is included for comparison. At this extreme pH
value, T119M is still a tetramer and non-amyloido-
genic as shown by MacCutchen and collabo-
rators.41 Even at this low pH, after pressure
release, aggregation of T119M was not noticed
(Figure 3, squares) even by turbidimetry. Interest-
ingly, the wt protein in the presence of glucose
became “less-amyloidogenic” (Figure 4(B)). These
results suggest that glucose mimics the effects of
the trans-suppressor mutation rendering the wt
TTR more stable and less amyloidogenic.

Concentration-dependence of the pressure-
induced dissociation of L55P

Dissociation of oligomeric proteins is expected to
be accompanied by dependence on protein concen-
tration under equilibrium conditions.28,42 However,
several large oligomers do not obey this rule
precisely; their anomalous behavior has been

attributed to the existence of conformational
heterogeneity among the individual subunits.42,43

Figure 5 shows the changes in the center of spec-
tral mass as a function of pressure for wt TTR (A)
and L55P (B) at two different concentrations of
protein. The experiments were performed at 1 8C
and at pH 7.5 to avoid aggregation. Clearly, there
was a lack of concentration-dependence in the dis-
sociation of wt TTR but not in the L55P mutant
(insets).

Since the dissociation of L55P was accompanied
by concentration-dependence, absence of hyster-
esis and complete reversibility of the center of
spectral mass value (Figure 5(B), broken line),
we were able to calculate the volume change and
free-energy change of association from equation
(3). The plot ln((a4)/(1 2 a)) versus pressure
(Figure 5(C)) presented two well-defined tran-
sitions. In fact the two transitions can be seen in
the inset of Figure 5(B), where concentration-
dependence is very clear in the first one (from
1 bar to 600 bar) but absent from the second

Figure 5. Concentration-depen-
dence of the pressure-induced
effects on TTR at pH 7.5, 1 8C. (A)
wt protein at (W) 1 or (X) 10 mM
and (B) L55P at (K) 0.5 or (O)
3.5 mM. The broken line represents
the decompression curve at 3.5 mM.
Insets: Extent of reaction (a) as a
function of pressure for the concen-
trations mentioned before. (C) Plot
of ln(a4/1 2 a) versus pressure for
L55P calculated from the curve
presented in B (0.5 mM). The sym-
bols represent the average of three
measurements and the error is
smaller than the symbol size. Other
conditions are as described for
Figure 1.
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(above 600 bar). This observation suggests that the
first transition is related to a process with order
higher than 1 (likely tetramer to monomer dis-
sociation), whereas the second transition would
represent the denaturation of the separated
monomers.

The calculated volume change of association for
the tetramer–monomer equilibrium extracted from
the first transition was equal to 430(^30) ml/mol.
The dissociation constant and free energy change
of association at 1 8C were 1.2 £ 10221 M23 and
226.25 kcal/mol, respectively (1 cal ¼ 4.184 J).
We note that the slope of the second transition is
much smaller (about sevenfold) than that of the
first, which again suggests a denaturation process,
especially in the light of the absence of concen-
tration-dependence for this part of the transition.

The displacement between the two dissociation
curves of L55P was equal to 230 bar, a value
very close to the expected value for a monomer-
to-tetramer association process (300 bar, see
equation (4)). The expected DV (equation (4)) is
570 ml/mol, a value 20–30% larger than that
obtained (430(^30) ml/mol).

The acid-induced dissociation–denaturation
curve for L55P monitored by the changes in trypto-
phan fluorescence intensity also presented two
transitions.35 The first transition presented concen-
tration-dependence and was attributed to quater-
nary and tertiary structural changes that lead to
the formation of the amyloidogenic state. On low-
ering the pH to 3.5–2.5, a second transition took
place, which was attributed to the conversion of
the amyloidogenic form into a molten-globule
state.44

Recently, Niraula and co-workers calculated the
volume changes for the unfolding of the wt and
V30M at pH 7.1, 4 or 37 8C by the use of high-
pressure NMR spectroscopy.33 The values obtained
at 4 8C were around 2200 ml/mol for the dis-
sociation-unfolding of both wt and V30M. The
value calculated here for the dissociation of L55P
as followed by fluorescence spectroscopy was
much higher (2430 ml/mol) than that reported
for the wt or V30M. When we calculated the
volume change for the dissociation of V30M and
wt TTR by using the data presented in Figure 1
(1 8C), we found 2200 ml/mol and 2250 ml/mol,
respectively, in excellent agreement with the NMR
studies. It would be interesting to verify by NMR
spectroscopy whether the change in volume for
the dissociation-unfolding of L55P would match
with ours.

Recently, Liu and co-workers performed deuter-
ium–proton exchange NMR experiments at pH 7
and determined that the stable core of TTR
composed of strands A, B, E and G, and the loop
between A and B is destabilized in the V30M and
L55P mutants.44 This study revealed the high level
of structural plasticity displayed by the L55P in
relation to the other variants of TTR. Indeed, the
observed amide-exchange rates were similar in
V30M, wt and T119M but much more prominent

in L55P. Probably, the structural plasticity dis-
played by L55P would create a higher content of
cavities in its core, which could explain the
observed higher volume change of association
described here. High pressure provides a remark-
able way to evaluate the relation between
dynamics and stability, especially because of the
direct relation between protein flexibility (due
to volume fluctuations) and its isothermal
compressibility.28

“Sick fold” induced by HHP

When wt TTR is subjected to two consecutive
cycles of compression, an altered tetramer (T4

p),
with lower pressure stability, is formed.22 It can be
observed in Figure 6 that wt TTR dissociates at
lower pressures in the second cycle of com-
pression, indicating that T4

p is less stable than the
native T4 TTR (Figure 6, circles). At 1 8C, the T4

p

species does not aggregate. At 37 8C, aggregation
takes place rapidly after decompression (Figure 3).

Previous studies with L55P reported that this
variant exists in an amyloidogenic conformation,
aggregating under certain conditions in which the
wt protein remains stable and non-amyloido-
genic.45 Figure 6(A) compares the extent of reaction
(a) as a function of pressure for the wt and L55P.
The open and filled circles represent the first and
second cycle of compression of the wt protein,
respectively, at pH 5.6 and 1 8C. The second
decompression curve is presented as a dotted line.
The triangles represent the first cycle of com-
pression of L55P at pH 7.5, 1 8C. It is interesting to
note that consecutive cycles of HHP progressively
convert the wt protein into a “L55P-like protein”
in terms of pressure stability as well as amyloido-
genic properties (Figures 3 and 6(A)). The second
cycle of compression of the wt protein is closer to
the compression curve of L55P, while the wt
decompression curve overlaps with the L55P com-
pression curve. It is possible that the conformation
of T4

p observed for the wt TTR, which has a large
hydrophobic segment exposed to the solvent as
measured by bis-ANS binding,22 could resemble
the native, amyloidogenic conformation of L55P
that undergoes aggregation at much milder pH
values.

Figure 6(B) shows the p1/2 values at 1 8C for all
the mutants studied thus far, as well as the values
found for the first and second compression curves,
and for the decompression curve of the wt protein.
From these data it is clear that pressure is pro-
moting irreversible structural modifications in the
wt protein, converting its native fold into a “defec-
tive fold” that is already present in L55P under
physiological conditions (pH 7.5).

By the use of NMR 2H–H exchange experiments,
Liu and co-workers observed that at pH 4.5 there is
a selective destabilization of one-half of the b-sand-
wich structure of TTR where the hydrogen bonds
connecting b strands C to B, B to E and E to F are
destabilized.46 It is possible that HHP is disrupting
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the same half of the molecule that is destabilized
by acidic pH.

From the data presented up to this point com-
bined with previous data from the literature, we
propose the following cycle of reactions for TTR:

It is not possible to conclude from our experi-
ments whether T4

p itself is able to form fibrils (path-
way 6) or whether amyloidogenesis proceeds
through Mp, derived from T4

p (pathways 4 þ 3).
This may happen because T4

p is a much weaker
tetramer and it may first dissociate into monomers
followed by aggregation. HHP shifts the above
equilibrium to any species with altered confor-
mation ( p species) that has propensity for fibril
formation.

Concerning the above equilibrium for wt TTR,
reactions 1, 2, 3 or 5 are strongly shifted to the left
(T4). However, after the first cycle of compression,
the altered tetrameric species (T4

p) is formed and

aggregation takes place by either pathways 4 þ 3
or by pathway 6. Thus, HHP shifts the equilibria
to the right, favoring fibril formation. Acidic pH
(,5) drives the equilibrium to the amyloidogenic
conformation rendering the wt protein
amyloidogenic.

In the case of L55P, reactions 1 þ 2 or 5 are dis-
placed to the right even at higher pH (e.g. 5.6)
favoring Mp and T4

p species and aggregation occurs
easily. HHP helps, since it forces the equilibrium
even more to the right, either by promoting the
formation of a weaker tetramer or by promoting a
small population of monomers that funnels to the
aggregation pathways (6 or 3). Therefore, it seems
plausible that HHP poisons the above equilibria to
the direction of fibril formation.

The higher stability of the non-amyloidogenic
variant T119M can be understood in the light of
recent structural studies.47 The T119M substitution
can increase the stability because of the formation
of new H-bonds within and between monomer
contacts (e.g. Ser117-Ser117 and Met119-Tyr114) as
well as by inducing a conformational change that
leads to a closer contact between different dimers
in the tetramer. Hydrogen bonds are little affected
by pressure.28

In addition, the stabilizing effect of glucose
could be explained if we assume that the sugar
shifts reactions 1 and 5 in the direction of T4,
impeding the formation of either T4

p or Mp. In the
case of Ab peptide, Yang and collaborators have

Figure 6. Pressure induces a
“sick” fold in wt TTR. (A) Extent of
reaction as a function of pressure
for the first (W) and second (X)
cycles of compression and decom-
pression (- - -) of the wt TTR at pH
5.6, 1 8C as well as the first cycle of
compression of L55P at pH 7.5 and
1 8C (O). (B) Bar graph showing the
p1/2 values for the dissociation–
denaturation of TTR wt and vari-
ants at 1 8C. The p1/2 values
observed for the consecutive cycles
of compression–decompression of
the wt protein are shown on the
right. Note that, as the wt protein
is subjected to consecutive cycles
of compression–decompression, its
p1/2 values approach the value
shown for L55P.
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shown that trimethylamine n-oxide (TMAO) and
glycerol enhanced the random coil to b-sheet tran-
sition, thus favoring aggregation.39 Since osmolytes
act to maintain the correctly folded proteins, we
can assume that glucose stabilizes the native,
b-sheet rich species of TTR as well as the b-sheet
Ab peptide. While the former is non-amyloido-
genic, the latter is highly amyloidogenic.

Characterizing the conformational state of TTR
trapped under pressure

The high-pressure denatured state of wt TTR
binds bis-ANS, indicating the persistence of some
tertiary contacts.22 However, the extent of bis-ANS
binding is related to pH: at pH 7.5 the binding is
negligible, while at more acidic pH (5 and 5.6) the
binding is much more pronounced.22 Curiously,
the extent of aggregation after HHP is correlated
with pH, being more intense at acidic pH and
absent at neutral pH.

To investigate whether the species of TTR vari-
ants trapped under HHP retain residual tertiary
structure, bis-ANS binding was measured during
compression: Figure 7(A) shows the extent of bis-
ANS binding to V30M at 37 8C and pH 5.6 or 7.5.
As seen, binding was more pronounced at pH 5.6,
suggesting that the species formed under pressure
are different at these two pH values in spite of the
fact that tryptophan emission shifts to the same
final value (,28,850 cm21). Figure 7(B) shows the
same behavior for L55P, whereas in Figure 7(C),
T199M does not bind bis-ANS even at very acidic
pH. In fact, T119M never aggregated under any
condition, and at pH 3.7 and 37 8C, its center of
spectral mass shifted to 29,000 cm21 at 3000 bar
(Figure 4(A)), suggesting extensive exposure of
tryptophan residues to the aqueous environment.

Therefore, although tryptophan emission shifted
almost entirely to the red when T119M was sub-
jected to high pressure at pH 3.7, there was no
detectable bis-ANS binding. We emphasize the
contrast with L55P at pH 5.6, where the spectral
area of the probe increased 12-fold upon com-
pression (Figure 7(B)).

These data suggest that, although the tryptophan
residues are equally exposed to the solvent under
pressure either at pH 5.6 or 7.5, other regions of
the protein appear not to respond similarly to
HHP treatment at these two pH values. Likely, at
acidic pH, there are regions of the protein that are
more affected by high pressure, being responsible
for the inter species contacts and fibrillogenesis.

Figure 7(D) shows two binding curves per-
formed with wt protein at 1 8C and 37 8C. The
extent of binding was less pronounced at 1 8C,
suggesting that the partially folded state trapped
under pressure is destabilized at 1 8C.

Taken together, our results show that the wt and
amyloidogenic variants of TTR are dissociated and
denatured by HHP into a conformation that retains
some structure, as measured by bis-ANS binding,
probably a molten globule conformation. From
these data we can conclude that there is a direct
correlation between the extent of bis-ANS binding
under pressure and extent of aggregation after
decompression: at low pH values, bis-ANS binding
is more pronounced, and so is aggregation. There-
fore, it seems that TTR has to experience this
partially folded state under pressure in order to
undergo aggregation after decompression.

It is important to emphasize that after decom-
pression under all conditions, bis-ANS emission
remained high, suggesting persistence of non-
native contacts (see the isolated symbol at the
upper left in Figure 7(B) as an example).

Figure 7. Persistence of tertiary
contacts in the species of TTR
trapped under HHP as measured
by bis-ANS binding. (A) V30M
(1 mM) at 37 8C was compressed
at pH 5.6 (V) or 7.5 (S) in the
presence of 10 mM bis-ANS. The
same conditions were used for
L55P (B). The experiment with
T119M was performed at 37 8C and
pH 3.7 (C). In (D), 1 mM wt TTR
was compressed at pH 5.6 in the
presence of 10 mM bis-ANS at 1 (W)
or 37 8C (X). The spectra were
collected from samples excited at
360 nm and scanning the emission
in the region between 400 nm and
600 nm. The area of each bis-ANS
spectrum was divided by the initial
area at atmospheric pressure
(A/A0). The isolated symbol in the
left of B represents the bis-ANS
binding after decompression.
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Conclusions

Our data suggest that HHP induces a defective
fold in wt TTR, mimicking the structural effects
of the natural mutations. In contrast, glucose
decreases fibril propensity by avoiding the for-
mation of the amyloidogenic conformation and
by stabilizing the tetramers. The defective fold,
present in the tetramer recovered after a cycle of
compression–decompression, exhibits a lower
thermodynamic stability when compared to native,
non-compressed tetramer, but similar to that of
L55P. On the other hand, under aggregating con-
ditions, wt and mutants assume an amyloidogenic
state, giving rise to fibrils after decompression.
This means that HHP shifts the equilibrium
between the native conformation and the amyl-
oidogenic ones (either the defective tetramer or a
monomer derived from it) to the right, favoring
aggregation.

The larger volume change observed for L55P
variant demonstrates that amyloidogenesis corre-
lates with less packed structures (larger volume
changes) and high susceptibility to water infil-
tration. Experimental and theoretical approaches
indicate that the underlying mechanism of pres-
sure unfolding is the penetration of water into
the protein matrix.35 – 37 The diffraction pattern
of several amyloids seems to indicate that
amyloid fibers are water-filled nanotubes.48 How-
ever, the protein–protein interactions either in the
tetramer or in the fiber exclude water. Thus,
hydration plays a crucial role both in the dis-
sociation of the tetramers and in the amyloidogenic
process.

Materials and Methods

Chemicals

All reagents were of analytical grade. Bis-(8-anilino-
naphthalene-1-sulfonate) (bis-ANS) was purchased from
Molecular Probes (Eugene, OR). Distilled water was
filtered and deionized through a Milli-Q water purifi-
cation system (Millipore Corp., Bedford, MA). The high-
pressure experiments were performed in the following
buffers: 50 mM Mes (pH 5.0 or 5.6), 100 mM KCl; and
50 mM Tris–HCl (pH 7.5), 100 mM KCl. When stated,
glucose was included in the buffers. We emphasize that
Tris and Mes buffers were chosen for pressure experi-
ments because the pH does not change significantly
under high pressure. The DV values for the protonic
ionization of Mes and Tris are positive and equal 3.9
and 4.3 cm3/mol, respectively.49

Protein purification

Recombinant TTR was expressed and purified as
described.50 Protein concentration was determined
using an extinction coefficient of 7.76 £ 104 M21 cm21 at
280 nm.3

Spectroscopic measurements under pressure

The high-pressure cell equipped with optical windows
has been described43 and was purchased from ISS
(Champaign, IL). Fluorescence spectra were recorded on
an ISS K2 spectrofluorometer (ISS Inc., Champaign, IL).
The pressure was increased in steps of 200 bar. At each
step, the sample was allowed to equilibrate for 15
minutes prior to making measurements. There were no
time-dependent changes in fluorescence spectra between
ten and 60 minutes. Tryptophan emission spectra were
obtained by setting the excitation at 280 nm and collect-
ing the emission in the 300–400 nm range. The bis-ANS
spectra were recorded by exciting the sample at 360 nm
and collecting emission from 400 nm to 600 nm. The
mean energy of the fluorescence emission at pressure
p evaluated by the center of spectral mass knpl:

knpl ¼
X

niFi=
X

Fi ð1Þ

where Fi is the fluorescence emitted at wavenumber
ni:

22,43 The degree of dissociation (a) is related to knpl by
the expression:

a ¼ ðknpl2 knilÞ=ðknil2 knflÞ ð2Þ

where knil and knfl are the initial and final values of
center of spectral mass, respectively, while knpl is the
center of spectral mass at pressure p.

All experiments were performed at least twice using
different batches of protein and a representative result is
shown.

Thermodynamic parameters

The standard volume change of association DV and
the equilibrium dissociation constant Kd for pressure dis-
sociation extrapolated to atmospheric pressure were
determined from the following thermodynamic relation:

ln½ðapÞ
4=ð1 2 apÞ� ¼ pðDV=RTÞ þ lnðKd=256C3Þ ð3Þ

This equation permits the calculation of the standard
volume change DV for a tetramer $ monomer equi-
librium, from measurements at a fixed protein concen-
tration C, at different pressures. A change in protein
concentration from C1 to C2 at a fixed pressure results in
a parallel displacement Dp of the plot ln[(ap)

4/(1 2 ap)]
versus p. At 50% dissociation, this shift (Dp1/2) in pressure
upon change in concentration is given by the following
equation:42

Dp1=2 ¼ ðn 2 1ÞðRT=DVÞlnðC2=C1Þ ð4Þ

Aggregation measurements and fibril formation

The extent of aggregation was evaluated by the light-
scattering (LS) observed on exciting the samples at
320 nm and collecting the light at 908 through the mono-
chromator (315–325 nm). Since aggregation was per-
formed inside the high-pressure cell, the samples were
not stirred. Thioflavin T (5 mM) was also used as an indi-
cator of the presence of fibrils. In this case, the sample
was excited at 440 nm and emission collected at 482 nm
after decompression.
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