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ABSTRACT: The marked variation in clinical expression and age of familial amyloid disease onset is not
well understood. One possibility is that metabolite modification(s) of a disease-associated mutant protein
can change the energetics and propensity for misfolding, influencing the disease course. Each subunit of
the transthyretin (TTR) tetramer has a single Cys residue that can exist in the SH form or as a mixed
disulfide with the amino acid Cys or the peptide glutathione or fragments of the latter. The stability and
amyloidogenicity of the clinically most important TTR variants (V30M and V122I) in their SH oxidation
state were compared with those of their mixed disulfide adducts. All the Cys-10 mixed disulfide conjugates
exhibited substantially decreased protein stability (urea, pH 7) and a higher rate and extent of
amyloidogenesis (slightly acidic conditions). We also investigated the amyloidogenicity and stability of
a C10S/V30M TTR double mutant which lacks the ability to make mixed disulfides, but retains the disease-
associated V30M mutation. Unlike V30M TTR, this double mutant is nonamyloidogenic in transgenic
mice. Our in vitro data reveal that the C10S/V30M and V30M TTR homotetramers have identical
amyloidogenicity and stability, implying that Cys-10 mixed disulfide formation enhances amyloidogenesis
in V30M transgenic mice. Given the high proportion of TTR subunits having mixed disulfide modifications

in human plasma{50%), and the data within demonstrating their increased amyloidogenicity, we submit
that disulfide metabolite modifications have the potential to influence the course of amyloidoses, including
TTR amyloidoses caused by mutations.

Specific mutations appear to cause early-onset proteinundergoes rate-limiting tetramer dissociation, and subsequent
misfolding diseases, including Alzheimer’s, Parkinson’s, and partial monomer unfolding enabling misassembly into ag-
the familial amyloidosesl( 2). A single amino acid change gregates of varying morphology including fibrillar cross
within the sequence of a protein, even a conservative surfaces-sheet quaternary structures known as amyldio—14).
mutation, can dramatically change folding energetics so asThe aggregation of wild-type (WT) TTR is thought to cause
to predispose an individual to misfolding, misassembly, and senile systemic amyloidosi4 %), while the misfolding and
familial amyloidosis 8—5). It is also true that covalent misassembly of one of over 100 point mutations of TTR is
protein modifications by abnormal metabolite ), by genetically and biochemically linked to familial amyloid
spontaneous side chain alteratioB} Or by more conven-  polyneuropathy (FAP), familial amyloid cardiomyopathy
tional posttranslational modifications (including phosphory- (FAC), and central nervous system selective amyloidosis
lation or glycosylation) can alter folding energetics. However (CNSA) (16, 17). V30M is the most prevalent FAP mutation
the role of normal and abnormal covalent modifications in in Japan, Sweden, and Portugab), whereas V122| is the
protein misfolding diseases is often overlooked because itmost common variant associated with FAC in African-
is difficult to demonstrate linkage to patholog§, (7, 9). Americans 17); these two TTR variants will be the focus

Transthyretin (TTR)is a 55 kDa tetrameric plasma protein  Of this study.
that carries thyroxine and holo-retinol binding protein inthe  Transthyretin is covalently modified both in healthy
blood and cerebrospinal fluid. Under certain conditions, TTR humans and in amyloidosis patients. Cys-10, the sole cysteine

residue in each TTR subunit, is generally the site of

" This work is supported by NIH (DK 46335), the Skaggs Institute modification 8-21). Of all possible Cys-10 modifications,
for Chemical Biology, and the Lita Annenberg Hazen Foundation. ~ Mixed disulfide formation with the amino acid cysteine

* To whom correspondence should be addressed. Phone: (858) 784{cysteinylation) is the predominant modification, found on
98?%b't:>?é(\:/iz§tai3§r?g'7$¢gsggh§thmglt:inj'k\?\lll%/@evsil((:jrif pse'?ggip familiq UP_ 10 50% of TTR subunits in plasma&-21). Less
amyloid polyneufopath)}; FAC,yfamifiaI a{myloidypca{rdiorﬁyopathy; prevalent mOd'f'Ca,t'OnS "?‘t Cys-lO_ include O,X'dat'(ﬁ'
V30M-Cys, cysteine linked by a disulfide to Cys-10 of Val30Met-  Sulfonation, glutathionylation, cysteinylglycylation, and ho-
transthyretin; V30M-GSH, glutathione linked by a disulfide to Cys-10 mocysteinylation 22, 23).

of Val30Met-transthyretin; V122I-Cys, cysteine linked by a disulfide . . -
to Cys-10 of Val122lle-transthyretin; V122I-GSH, glutathione linked SSulfonation of Cys-10 is known to stabilize TTR

by a disulfide to Cys-10 of Val122lle-transthyretin. inhibiting its amyloidogenesi6, 25). In contrast, we have
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recently shown that mixed disulfide formation between the sodium phosphate, 100 mM KCl and 1 mM EDTA) at@
Cys-10 residue in WT TTR and cysteine or glutathione, or until experiments were performed.
a fragment of the latter (cysteinylglycine), dramatically = Cysteinylation and Glutathionylation of V30M and V122l
destabilizes TTR which accelerates TTR amyloidogenesisthrough Cys-10Cysteinylated or glutathionylated V30M
in vitro under mildly acidic conditions, where the unmodified (V30M-Cys or V30M-GSH) and V122l (V122I-Cys or
form of the protein is natively folded and nonamyloidogenic V122I-GSH) homotetramers were individually prepared
(26). Deleterious mixed disulfide bond formation with the using the reaction ofS(2-thiopyridyl)cysteine orS-(2-
normal metabolite cysteine may explain the genesis of the thiopyridyl)glutathione and the respective proteins as de-
sporadic TTR amyloid disease, senile systemic amyloidosis. scribed previously46). The TTR conjugates were subse-
Herein, we explore whether the incomplete clinical expres- quently purified by dialysis to remove low molecular weight
sion of familial TTR amyloidosis could also be explained organic molecules, and then by gel filtration using pH 7.0
by the extent of and nature of metabolite modificatic2G| buffer (10 mM sodium phosphate, 100 mM KCI, and 1 mM
31). EDTA). The purity of the conjugates is above 95% based
The data of Takaota et al. suggest to us that modificationson HPLC integration. The masses of the V30M-Cys, V30M-
of the Cys-10 residue of TTR are important in amyloido- GSH, V122I-Cys, and V122I-GSH subunits are 14 040,
genesis in vivo, in the context of a V30M transgenic murine 14 227, 14 022, and 14 209 Da, respectively.
model of FAP 82). A comparison of transgenic mice Amyloid Fibril Formation of TTR and Its Mixed Disulfides
expressing human WT, V30M, or the C10S/V30M TTR gene at Various pHs.A TTR stock solution (0.4 mg/mL; 7.2
reveals amyloidosis only in the V30M mice after-224 UMieramerdn pH 7.0 buffer) was mixed with an equal volume
months. The basis for the difference in amyloid propensity of 100 mM acetate buffer at the desired pH (35/8),
between the V30M and the Cys-free C10S/V30M mice was containing 100 mM KCI and 1 mM EDTA, to initiate
not explained. On the basis of our previous resu@g),(we amyloidogenesis. Phosphate buffer (100 mM sodium phos-
envision that modification of Cys-10 by mixed disulfides phate, 100 mM KCI, and 1 mM EDTA) was used in
could be an important determinant for amyloidogenesis, amyloidogenesis reactions having a final pH 6. The
potentially explaining why the V30M mice, but not the C10S/ resulting solutions were incubated at 37 for 72 h without
V30M mice, exhibit amyloidogenesis. Herein, we report data agitation. Each sample was vortexed f s just before
strongly supporting this hypothesis. In particular, we show measurement to equally suspend the precipitate (if any). The
that the formation of a mixed disulfide between Cys-10 of extent of amyloid formation was monitored by an optical
variant TTR and either cysteine or glutathione results in density (OD) measurement (turbidity) at 400 nm on an HP
hyperamyloidogenic derivatives of V30M and V122| TTR. 845x UV—visible spectrometer. That turbidity is a faithful
These data suggest that the combination of a destabilizingmetric of TTR amyloid fibril formation has been demon-
mutation and mixed disulfide formation may be required to strated previously by comparison with thioflavin T fluores-
observe amyloid pathology, potentially explaining the in- cence 14, 34—37).
complete clinical expression of the familial amyloid diseases. Rates of TTR Amyloid Fibril Formation under Mildly
Acidic ConditionsTo compare the kinetics of amyloid fibril
MATERIALS AND METHODS formation of the disease-associated variants in their SH form
Expression and Purification of V30M, V122I, and C10S/ to their respective Cys-10 mixed disulfides, a pH was
V30M TTR.The genes encoding the TTR mutant proteins selected from the upper end of the pH range where TTR
V30M, V122I, and C10S/V30M were cloned into pmmH  amyloid fibril formation was observed by turbidity (pH 5.8
plasmids utilizing the QuickChange protocol (Stratagene, La for V30M series and pH 5.1 for V122| series). TTR variants
Jolla, CA). Expression and purification of the homotetrameric and their mixed disulfides (0.2 mg/mL; 3tMictrame) Were
proteins was performed as previously descril&3). Briefly, incubated in acetate buffer at the desired pH as described
respective plasmids were transformed into chemically com- above (37°C) without stirring. The turbidity at 400 nm was
petent Epicurian Gold&Escherichia colithat were grown at  measured as a function of time aova 7 day time course
37 °C. Cells were harvested by centrifugation and lysed by employing individual samples for each time point. The
sonication (3x 3 min, 4°C). The lysate was collected and samples were vortexed just before each turbidity measure-
treated with two ammonium sulfate salt cuts ef8% and ment. A comparison of the rates of amyloid fibril formation
50—-90% (w/v), the latter leading to TTR precipitation. The of V30M and C10S/V30M was performed at pH 5.1, close
precipitate was dissolved in pH 8.0 solution buffered with to the pH maximum for fibril formation.
25 mM Tris-HCI (1 mM EDTA), and then dialyzed overnight Probing TTR Stability by Urea Denaturatiolryptophan
(10 000 MW cutoff membrane). Transthyretin was initially fluorescence shifts to longer wavelength and increases in
purified using a Source Q anion exchange column (Phar- intensity when TTR dissociates and unfolds in urea; hence
macia, Piscataway, NJ) utilizing a NaCl gradient of 200 to it is used to monitor the protein stability, specifically the
450 mM at pH 8.0 (buffered with 25 mM Tris-HCl and 1  linked tetramer to monomer and monomer to unfolded
mM EDTA). The protein was further purified using a monomer equilibria4, 38). Urea denaturation studies were
Superdex 75 gel filtration column (Pharmacia) eluting with carried out by incubating 0.1 mg/mL (1/8Vtetrame) TTR
a pH 7.0 solution buffered with 10 mM sodium phosphate samples in urea concentrations ranging from 0 to 8 M,
(100 mM KCI and 1 mM EDTA). LG-MS analysis was  buffered with 50 mM phosphate, 100 mM KCI, 1ImM EDTA
performed to confirm the purity>(95%) and expected mass (pH 7.0 at 25°C). Tryptophan fluorescence spectra between
of the protein (monomer: V30M, MWW 13 921 Da; V122I, 310 and 410 nm (excitation at 295 nm) were recorded to
MW = 13 904 Da; C10S/V30M, MW= 13 905 Da). The examine the tertiary structural changes after 96 h of incuba-
purified proteins were stored in pH 7.0 buffer (10 mM tion when equilibrium was reached. The fluorescence ratio



Cys-10 Mixed Disulfides Enhance Amyloidogenicity

(A) 1.50,

1.00

0.504

Turbidity (400 nm)

0.004

(B) 2.00-
1.50- ;
I
)
L]

r
1.00- 1]
| 3

!

0504 /¥ \

Turbidity (400 nm)

0.00- —
35 4 45 5 55 6 65

Ficure 1: Acid-induced TTR aggregation, including amyloid fibril
formation, over a pH range of 3-6.4 at 37°C (72 h) without
agitation was assessed for the thiol forms of the familial TTR
variants, as well as for the mixed disulfide conjugates by turbidity
at 400 nm. (A) pH-dependent aggregation of V30M (bi@and

its mixed disulfide variant homotetramers V30M-Cys (rilijland
V30M-GSH (greena). (B) pH-dependent aggregation of V122I
(blue, ®) and its mixed disulfide variants V122I-Cys (remll) and
V122|-GSH (greena). The lines connecting data points facilitate
comparisons.
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Ficure 2: Comparison of the rates of amyloid formation of familial
TTR variants in their Cys-10 SH form and their Cys-10 mixed
disulfide form at slightly acidic pH. Aggregation was assessed by
turbidity at 400 nm (same color and symbol scheme as in Figure
1). (A) Amyloidogenesis of V30M, V30M-Cys, and V30M-GSH
was evaluated at pH 5.8, a pH at which all these sequences form
amyloid on a convenient laboratory time scale. (B) Amyloid
formation of V122, V122I-Cys, and V122I-GSH was studied at
5.1, the highest pH at which all three sequences form amyloid on
a convenient laboratory time scale.

loidogenic is even more clear when the V122I SH form of
the homotetramer is compared with its mixed disulfides
(Figure 1B). For the WT data published previously, as well

at 355 and 335 nm was used as a structural probe asys the V30M and V122! data presented here, it is clear that

described previously38). The midpoint from the urea
denaturation curve<},), evaluated as described previously,
was utilized to compare relative stabiliti€39( 40).

RESULTS

Familial Amyloid Variant Homotetramers with Cys-10
Mixed Disulfides Exhibit Eleated Amyloidogenicity at Mildly
Acidic pH. Although the exact mechanism of TTR amy-

mixed disulfide formation leads to increased amyloidoge-
nicity under mildly acidic conditions for all TTR sequences
examined thus far. Mixed disulfide formation does not appear
to modify the morphology of the TTR aggregates produced,
which are indistinguishable from the laterally associated
fibrils resulting from the SH forms of V122I and V30M.
The rate of amyloid fibril formation was also compared
among V30M, V122I, and their respective Cys-10 mixed

loidogenesis in humans remains unclear, it appears to requiredisulfides (Figure 2). The time course of V30M amyloido-

tetramer dissociation and partial monomer unfolding, af-
fording misassembly competent intermediatd314). The

genesis at pH 5.8 reveals that the V30M-Cys mixed disulfide
has the lowest tetramer dissociation barrier and therefore the

rate of tetramer dissociation is hastened under acidic condi-fastest rate of amyloidogenesis, followed by the glutathione
tions, making the process of amyloidogenesis easily observ-mixed disulfide adduct which still is much faster than V30M-

able on a laboratory time scale; hence amyloid fibril

SH (Figure 2A). The kinetics of V122| amyloidogenesis (pH

formation was assessed over an acidic pH range by measurb.1) follow the same trend in that tetramer dissociation and

ing the turbidity of solutions of V30M and V122, as well
as their Cys-10 mixed disulfide conjugates after incubation
for 72 h. The Cys-10 mixed disulfide variants exhibit
dramatically different pH profiles of aggregation in com-
parison to the unmodified (SH) proteins, the former being
much more amyloidogenic near neutral pH (Figure 1). While
the SH form of the V30M tetramer forms slightly more
amyloid at pH 4.5, the mixed disulfide homotetrameric
V30M adducts are much more amyloidogenic at pH 5.8
(Figure 1A). The enhanced endpoint amyloidogenicity at
higher pH where the SH form of the protein is nonamy-

amyloidogenesis is sluggish for V122I-SH, whereas it is
much faster for the mixed cysteine and glutathione disulfides,
the latter exhibiting very similar time courses (Figure 2B).
The Cys-10 Mixed Disulfide Modification Renders TTR
Less StableTetramer dissociation has to occur to achieve
urea-mediated TTR denaturation because urea is capable of
denaturing the TTR monomer, but not the tetran3g).(TTR
monomer unfolding, detected by tryptophan fluorescence
changes described above, is about 500 000 times faster in
urea than is tetramer dissociation; hence the monomer does
not generally accumulate as a kinetic intermediate. Therefore,
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Ficure 3: Comparison of the thermodynamic stability of reduced
(SH form) familial TTR variants to the stability of Cys-10 mixed
disulfide variants employing urea denaturation curves (pH 7, Figure
1 color and symbol scheme applies). Tryptophan fluorescé#iee (
1335 Aex 295 nm) was monitored as a function of urea
concentration (68 M) to probe the linked quaternary and tertiary
structural transitions. (A) Urea denaturation curves of V30M,
V30M-Cys, and V30M-GSH. (B) Urea denaturation curves of
V1221, V122I-Cys, and V122|-GSH. Tabulateg, values were
determined as described previousBg,(40).

urea denaturation curves report on the tetramer to folded
monomer and folded monomer to unfolded monomer linked
equilibria, without being affected by monomer unfolding
kinetics @). Urea denaturation was used to interrogate the
stability of the reduced SH form and mixed disulfide
conjugates of V30M and V122| TTR by comparing urea
denaturation midpointsJ,), determined as described previ-
ously 39, 40). All of the known pathogenic TTR variants
exhibit decreased protein stability relative to WT TTR,
including the V30M and V122| variants studied here®) (

4, 41). ltis clear that the mixed disulfide conjugates of V30M
(Figure 3A) and V122I (Figure 3B) are substantially less
stable than the SH form of the homotetramers. In fact, the
mixed disulfide V30M TTR homotetramer€{ = 1.2 for
V30M-Cys, andC,, = 1.3 for V30M-GSH) are among the
least stable TTR proteins characterized to daje (

The C10S/V30M TTR Double Mutant Carrying the FAP
Mutation but Lacking Cys-10 Exhibits Amyloidogenicity and
Protein Stability Identical to That of V30NWice transgenic
for the human C10S/V30M double mutant TTR do not
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Ficure 4: Comparison of the amyloidogenicity and thermodynamic
stability of reduced (SH form) V30M (blue®) and C10S/V30M
(red,m) starting from homotetramers. (A) Endpoint analysis of pH-
dependent aggregation of V30M and C10S/V30M af@772 h)
without agitation, assessed by turbidity at 400 nm. (B) Time course
of V30M and C10S/V30M aggregation at pH 5.1 followed by
turbidity (400 nm). (C) Urea unfolding curves of V30M and C10S/
V30M probed by tryptophan fluorescence as described in Figure 3
pH 7, 0-8 M urea). TabulatedC,, values were determined as
described previously30, 40).

double mutant is identical taking into account th&% error
(Figure 4A). In addition, their rates of fibril formation at
pH 5.1 (Figure 4B) and their stability based on urea
denaturation curves (Figure 4C) are also identical. Thus, from
the perspective of biophysical experiments, the V30OM
homotetramer and the C10S/V30M homotetramer have

present with amyloid disease, whereas mice transgenic foridentical stability and amyloidogenicity, making it likely that

human V30M develop amyloidosi8%). A possible explana-
tion is that the V30M mice produce amyloid because their
subunits are subject to Cys-10 mixed disulfide modifications.
Another plausible explanation is that the V30M and C10S/
V30M proteins differ in stability and amyloidogenicity.

mixed disulfide formation plays a role in amyloidogenicity
in the V30M transgenic mice.

DISCUSSION
The TTR proteins utilized in this in vitro study are purified

Therefore, it is important to establish their biophysical homotetramers, whereas the tetramers found in the majority
properties using purified homotetramers in vitro. The pH- of heterozygous familial patients are composed of a statistical
dependent amyloidogenicity of V30M and C10S/V30M distribution of disease-associated and WT subugigs (Ve



Cys-10 Mixed Disulfides Enhance Amyloidogenicity Biochemistry, Vol. 44, No. 25, 2009083

have previously and consistently demonstrated that one can A common phenomenon in familial TTR amyloidosis is
observe the extremes of behavior using tetramers composedncomplete clinical expression. For example, individuals that
of a single subunit, and as a consequence studying homotethave the same disease-associated mutation, even individuals
ramers is very usefuB(42, 43). The comparison of different  within a family, often exhibit very different disease courses
homotetrameric TTR proteins herein illustrates unambigu- or none at all 80, 31). The penetrance of the common FAP
ously that mixed disulfide modification at Cys-10 affects type | V30M mutation can be as low as 2% in Sweden or as
TTR stability and amyloidogenicity. high as 80% in Portugal2g, 29). These observations are

We have shown that Cys-10 mixed disulfide formation difficult to explain on the basis of genetics alone, although
shifts the amyloidogenic pH range toward neutral pH and we cannot rule out genetic modifiers not yet identifi&8)(
increases the rate of amyloidogenesis at the upper end ofWe previously published evidence that metabolite modifica-
the pH range for all the TTR sequences studied to date, tion could initiate protein misfolding in sporadic Alzheimer’s
including the familial amyloid disease variants V30M and disease and in the sporadic TTR amyloid disease, senile
V122l TTR evaluated herein, and the WT homotetramer systemic amyloidosis6( 26), and provide compelling data
studied previously46). Cys-10 mixed disulfide formation  within that these covalent modifications could also increase
decreases protein stability substantially at pH 7, beyond thatthe risk of familial amyloid disease.

conferred by the FAP and FAC mutations, making amy-  The results presented herein suggest that metabolite
loidogenesis more feasible under physiological conditions, modification increases the misfolding propensity, possibly
albeit on a time scale not practical for laboratory experiments. contributing to the amyloidosis observed within a subset of
That the TTR tetramer dissociation barrier is also lowered individuals ha\/ing a given disease-associated TTR mutation.
at pH 7 by mixed disulfide formation can be inferred by the Altering Cys-10 with a protective modification such as
increased rate of amyloidogenesis observed herein undersyifonation 24—26) or lowering oxidative stress in plasma

slightly acidic conditions. may be useful therapeutic strategies to slow or prevent TTR
We have shown previously that the Cysl0Ala TTR amyloidosis.

homotetramer exhibits stability and amyloidogenicity com-

parable to those of the WT TTR homotetramer having a Cys ACKNOWLEDGMENT
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