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ABSTRACT: The homotetrameric protein transthyretin (TTR) must undergo rate-limiting dissociation to its
constituent monomers in order to enable partial denaturation that allows the process of amyloidogenesis
associated with human pathology to ensue. The TTR quaternary structure contains two distinct dimer
interfaces, one of which creates the two binding sites for the natural ligand thyroxine. Tetramer dissociation
could proceed through three distinct pathways; scission into dimers along either of the two unique quaternary
interfaces followed by dimer dissociation represents two possibilities. Alternatively, the tetramer could
lose monomers sequentially. To elucidate the TTR dissociation pathway, we employed two different TTR
constructs, each featuring covalent attachment of proximal subunits. We demonstrate that tethering the A
and B subunits of TTR with a disulfide bond (as well as the symmetrically disposed C and D subunits)
allows urea-mediated dissociation of the resulting (TTR-S-S-TE€R)struct, affording (TTR-S-S-TTR)
retaining a stable 16-strandgdsheet structure that is equivalent to the dimer not possessing a thyroid
binding site. In contrast, linking the A and C subunits employing a peptide tether (TTR-L,EffRjds

a kinetically stable quaternary structure that does not dissociate or denature in urea. Both tethered constructs
and wild-type TTR exhibit analogous stability based on guanidine hydrochloride denaturation curves.
The latter denaturant can denature the tetramer, unlike urea, which can only denature monomeric TTR;
hence urea requires dissociation to monomers to function. Under native conditions, the (TTR-S,S-TTR)
construct is able to dissociate and incorporate subunits from labeled WT TTR homotetramers at a rate
equivalent to that exhibited by WT TTR. In contrast, the (TTR-L-TTB)nstruct is unable to exchange

any subunits, even after 180 h. All of the data presented herein and elsewhere demonstrate that the pathway
of TTR tetramer dissociation occurs by scission of the tetramer along the crystallogtaixic affording

AB and CD dimers that rapidly dissociate into monomers. Determination of the mechanism of dissociation
provides an explanation for why small molecules that bind at the AB/CD dtuliener interface impose

kinetic stabilization upon TTR and disease-associated variants thereof.

Transthyretin (TTR) is a 127-residue homotetrameric with three gain of toxic function diseases, familial amyloid
p-sheet-rich protein responsible for the transport of the polyneuropathy (FAP), familial amyloid cardiomyopathy
thyroid hormone, thyroxine, and holoretinol-binding pro- (FAC), and senile systemic amyloidosis (SS8)-(1). The
tein in serum and cerebrospinal fluid. Under denaturing familial forms of these diseases are caused by aggrega-
conditions, and much more slowly under physiological tion of 1 of over 100 energetically destabilized point muta-
conditions, TTR is able to dissociate and partially mis- tions of TTR, while misfolding and misassembly of the wild-
fold, allowing the process of amyloidogenesis to com- type protein causes the sporadic disease, S5A(). TTR
mence, resulting in a variety of aggregated morphologies amyloid deposition occurs in the peripheral nerves, cardiac
including amyloid fibrils (—8). This process is associated tissue, the Gl tract, and the CNS, the tissue selectivity being

partially dictated by the mutation expressed in the patient
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1 Abbreviations: TTR, transthyretin; TTR-S-S-TTR, disulfide-bonded  AB dimer which includes two eight-strandgesheets (Figure
E92C/C10A mutant TTR construct; TTR-SH, reduced E92C/C10A 1A) The edge to edgﬁ_sheet interface between the A and

mutant; TTR-L-TTR, covalently tethered TTR construct; FAP, familial . -
amyloid polyneuropathy: FAC, familial amyloid cardiomyopathy: SSA, B subunits represents one quaternary structural interface. Two

senile systemic amyloidosis; Gl, gastrointestinal; CNS, central nervous Of these dimers (an AB dimer and ti@& symmetrically
system; FT, Flag tag; GdnHCI, guanidine hydrochloride; CD, circular related CD dimer) pack together along their DA@GHheet

dichroism; LC-ESI/MS, liquid chromatography/electrospray injection i ; i
mass spectrometry; HPLC, high-pressure liquid chromatography; TFA faces forming the second quatemary interface and producing

trifluoroacetic acid; SDSPAGE, sodium dodecyl sulfatepolyacryl- th_e tetrameric form of TTR and the thyroxine binding sites
amide gel electrophoresis; PMT, photomultiplier tube. (Figure 1B,C).

10.1021/bi051608t CCC: $30.25 © 2005 American Chemical Society
Published on Web 11/05/2005



15526 Biochemistry, Vol. 44, No. 47, 2005 Foss et al.

C
TTR-S-S-TTR

B &

E
c’ gSG
Y G —

[
90° Ss

TTR-L-TTR b

Ficure 1: Structures of TTR and the tethered constructs. (A) Ribbon diagram of a wild-type TTR AB dimer wifhsthends labeled.

Red dashes denote the hydrogen-bonding interface between the H-strands of A and B subunits. (B) Ribbon diagram of tetrameric TTR with
each monomer colored differently (subunit A, blue; subunit B, green; subunit C, yellow; subunit D, red). The dotted line represents the
crystallographidaC, axis of symmetry about which a 18@otation will convert an AB dimer into a CD dimer. (C) Tetrameric TTR rotated

90° about they-axis [relative to the view in (B)] to display the central channel where thyroxine and other ligands bind. (D) Ribbon diagram

of TTR-S-S-TTR (subunit A linked to subunit B) showing the location of the Glu-92 residue (red stick figure) that is mutated to Cys to
afford a disulfide bond (location denoted by red line). The second view is rotateah®@it theC, axis of symmetry as denoted in (B). (E)

Ribbon diagram of TTR-L-TTR (subunit A linked to subunit C) denoting the termini linked by the covalent tether, a possible path of the
peptide linker (red line), with the amino acid sequence used for the covalent linkage noted.

Tetrameric TTR must undergo rate-limiting dissociation selective stabilization of the tetrameric ground state over the
prior to misfolding and amyloidogenesit, @). Whether the dissociative transition statd§ 33, 34).
fibrils or the smaller soluble aggregates that precede fibrils  There are at least three possible pathways that could enable
are the toxic species that mediate pathology is still unclear. the tetramer to dissociate leading to monomers (Figure 2);
Recent results suggest that early amorphous aggregates plaghe first two proceed through distinct dimer intermediates.
an important role§, 20—23). Regardless of which species Scission of the tetramer should proceed by dissociation about
leads to pathology, prevention of rate-limiting dissociation the energetically weaker dimer interface followed by dis-
is the preferred strategy for intervention, as it prevents the sociation of the two resultant dimers (either AB/CD or
entire process of amyloidogenesis from commencikd. ( AC/BD dimers) into monomers. The third possibility, which
Stabilization of TTR by a wide variety of small molecules encompasses three variations, is a monomer loss pathway
has been documented, offering promise of TTR amyloidosis that proceeds through a trimer and any of three distinct
treatment by a small molecule drug capable of kinetic native dimers (Figure 2, mechanism 3) on the way to a monomer.
state stabilization25—33). Dissociation and aggregation of  Thijs investigation utilizes two different TTR constructs
TTR occur extremely slowly under physiological conditions, featuring covalent attachment of proximal subunits to discern
while denaturation stresses such as acidic partial denaturationyhich quaternary structural interface is weakest and, thus,
dramatically increase the rate, allowing for observation of which interface will likely come apart first in the process of
amyloidogenesis on a laboratory time scdleg, 20). transthyretin dissociation. One construct (TTR-S-S-TGIR)

There is typically significant allosteric communication characterized by a cross-link between the A and B subunits
between the two identical thyroxine binding sites giving rise (and the symmetry-equivalent C and D subunits), mediated
to cooperative ligand binding38—35). Negative binding by an engineered disulfide bond between adjacenF'F
cooperativity is most commonly observed, although nonco- g-strands (Figure 1D). The other (TTR-L-TTR)onstruct,
operative and positively cooperative small molecules have previously described1@), features a peptide linker that
also been identified35, 36). We have recently established covalently attaches subunits A and C (and the symmetry-
that binding of a ligand to only one of the two thyroxine equivalent B and D subunits) across the thyroxine binding
binding sites is able to prevent dissociation of the entire site interface (Figure 1E). Analysis of the stability of these
quaternary structure, thus preventing amyloidogenesis bytwo chain TTR quaternary structures under both native and
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Ficure 2: Topologically possible dissociation pathways of transthyretin. Subunit labels and color scheme are as in Figure 1B. The tetramer
can split along either dimer interface (mechanism 1 or 2), producing two distinct types of dimer intermediates, which can dissociate further
affording monomers. Additionally, a single monomer can dissociate from the tetramer to yield a trimer which loses another subunit to

produce any of three distinct dimers that then dissociate into their component monomers (mechanism 3).

denaturing conditions offers insight into the initial steps of spray chamber. Quaternary structure determination by gel

the pathway by which TTR likely dissociates. filtration was performed on an analytical Superdex 75 column
attached to an AKTA Explorer FPLC system. Injections of
MATERIALS AND METHODS 100 uL of purified proteins were eluted at 0.5 mL/min for

(TTR-S-S-TTRDesign and PurificationWild-type TTR 1.2 column volumes. Analytical ul_tracentr_ifugation was
had two mutations incorporated into the sequence, C10A andPerformed on a Beckman XL-I equipped with an AnTiS0
E92C. Cys-10 was eliminated to prevent incorrect disulfide €ight-hole rotor. Interference and absorbance optics were
bonds from forming, and Glu-92 was chosen for mutation used with cells constructed from sapphire windows and 1.2
on the basis of its location in strand F such that E92 from Mmm charcoal-filled Epon centerpieces. Samples for velocity
one subunit aligns with E92 from the adjacent subunit (Figure €XPeriments were equilibrated at 20 for at leas1 h prior
1D). This close proximity was anticipated to allow for 0 initiation of runs at 50000 rpm for 4 h. Scans were fit
disulfide formation without the use of chemical cross-linkers. Using thec(s) analysis method with the programs SedFit or
Both mutations were inserted into the wild-type TTR SedPhatg7). Density and viscosity were calculated for all
sequence using QuikChange (Stratagene) protocols. Resultarii@mples utilizing the program Sednterp. HPLC chromatog-
plasmid was cleaned with a PCR enzyme cleanup kit "@Phy was performed on a Waters 486 utilizing a gradient
(Qiagen) and subjected to dideoxy sequencing. Expressionof 85% A (95% MilliQ water, 4.9% acetonitrile, 0.1% TFA)
and purification were performed as described, with the @nd 15% B (4.9% MilliQ water, 95% acetonitrile, plus 0.1%
addition of an 4 oxidation step prior to the final gel filtration ~ TFA) to 60% B over 10 min.
column (18). I, (1 mM) was added to the TTR fraction pool Chaotrope Stability TTR, (TTR-L-TTR), or (TTR-S-S-
from the anion-exchange column and was immediately TTR), (3.6 uM) was incubated in various concentrations of
loaded onto the gel filtration column. (TTR-S-S-TER)uted urea or GdnHCI for 96 h at 28C. Longer incubations
from the gel filtration column at the same column volume continued at 25C, with measurements made at indicated
as wild-type TTR. Compountiwas synthesized as described time points up to 330 h. Stocks of urea and guanidine were
(30). prepared to 10 M and 7.33 or 8.2 M, respectively, in 10

Structural Properties of TTR-S-S-TTRass spectrometry  mM NaR, 150 mM KCI, and 1 mM EDTA, pH 7.0, using
was performed on an Agilent LC/ESI-MS. Samples were the index of refraction to verify concentrations. Stability
desalted o a 1 mL G column prior to injection into the  curves were fit as described previoush8). Fluorescence
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Ficure 3: (TTR-S-S-TTR) construct migrates as a dimer without DTT reduction and as a monomer with reduction. (A) GelCode Blue
(Pierce Biotechnologies) stained SBBAGE gel displaying (TTR-S-S-TTRpands with and without 1 mM DTT. The three lanes are
triplicate repeats of identically treated samples, the wild-type TTR control displaying a dark monomer band, and a light dimer band (wild-
type TTR affords SDS-stable dimers after boiling for only 1 min in SDS loading buffer) is shown in the left-most lane. (B) HPLC
chromatogram of 1.8M (TTR-S-S-TTR}) in the presence (blue line) or absence (green line) of the reductant DTT. The peak eluting at a
retention time of 5.2 min is TTR-SH.

spectra were recorded on a Varian Cary 50 spectrofluorom-reduction to afford a nontethered tetramer enabling control
eter with the following parameters: PMT 800 V, fast scan experiments. SDSPAGE analysis in the presence of DTT
speed, excitation 295 nm, in a 5¢Q. 1 cm fluorescence  (a disulfide-reducing agent) resulted in a major TTR-SH
cuvette. Six individual scans were averaged together, and(>90%) band (TTR-SH will refer to TTR-S-S-TTR protein
the Trp fluorescence emission intensity ratio (defined as the that has been reduced by DTT) which comigrated with wild-
ratio of the tryptophan emission intensity at 355 nm to the type TTR monomer subunits, while SB®AGE performed
tryptophan emission intensity at 335 nm) was used as awithout reducing agent predominantly displayed a band
measure of foldedness. CD spectra were measured with arcorresponding to a disulfide-linked dimer of TTR, (TTR-S-
Aviv CD-202 circular dichroism spectrometer, using a 0.1 S-TTR), (Figure 3A), demonstrating that a disulfide bond
cm path length CD cuvette, averaging three separate scanss tethering two TTR subunits together. Incubation of wild-
from 250 to 208 nm, wavelength step 0.5 nm. The wave- type TTR with SDS loading buffer at room temperature (not
length of greatest signal change (218 nm) was used as theboiled) produces an SDS-stable dimer which comigrates with
measure of foldedness. nonreduced TTR-S-S-TTR (data not shown), further sup-
Subunit ExchanggFT), protein was prepared as previ- porting the presence of the intact disulfide bond. LC/ESI-
ously described1(®). Incubation of 3.6:M total protein [1.8 MS of nonreduced (TTR-S-S-TTRaffords the correct mass
uM wild-type TTR, or 1.8uM (TTR-L-TTR),, or 1.8uM for (TTR-S-S-TTR) (27668 Da), while reduced (TTR-SH)
(TTR-S-S-TTR) and 1.8uM (FT),] was performed in 1.5  exhibits the expected monomer mass (13835 Da). HPLC
mL Eppendorf tubes incubated at 26. At measurement  chromatograms under denaturing conditions of (TTR2SH)
intervals, a 50uL aliquot was removed and loaded on a and nonreduced (TTR-S-S-TTR)rotein show distinct
SMART system equipped with a 0.5 mL “Q” anion-exchange peaks, enabling quantification of the proportion of oxidized
column equilibrated in 75% A buffer (25 mM Tris, pH 7.0, TTR-S-S-TTR and reduced TTR-SH subunits (Figure 3B).
1 mM EDTA) and 25% B buffer (A pla 1 M NacCl). A I, oxidation generally produces (TTR-S-S-TTR) greater
gradient of 25% to 42% B over 45 min afforded a than 90% vyield. (TTR-L-TTR)was produced as described
chromatogram with three or five distinct peaks which were previously (L8).
digitally integrated. Relative Stability of (TTR-S-S-TTRand (TTR-L-TTR)
(TTR-S-S-TTR)} and (TTR-L-TTR) were subjected to
RESULTS chaotrope denaturation utilizing both guanidine hydrochloride
Protein Design and ProductiorCreating the (TTR-S-S-  (GdnHCI, Figure 4A) and urea (Figure 4B). Previous work
TTR), construct requires only two point mutations. The wild- demonstrates that urea cannot directly denature tetrameric
type TTR plasmid was subjected to QuikChange mutagenesis! I R; rather it requires @ssouatlon of the tetramer to
to change Cys-10 to Ala and GIu-97 to Cys. Production and Monomers  for denaturation to ensug8) In contrast,
purification of the CLOA/E92C double mutant followed the GdnHCI can directly denature the tetramer. The (TTR-S-S-
protocol described previously for wild-type TTRLS). TTR), GdnHCI denaturation traces are superimposable with
Preceding the final size exclusion step, the protein was the wild-type and (TTR-L-TTR)traces (Figure 4ACy =
concentrated, briefly oxidized with (5—10 min), and loaded ~ 5.1, 5.0, and 5.1 respectively). Furthermore, reduction of the
onto a gel filtration column to remove excess iodine. The disulfide bond to give (TTR-SH)oes not alter the GdnHCl
oxidized version, (TTR-S-S-TTR)exhibited a gel filtration ~ denaturation curve (Figure 4A, red squares). Thus the
profile and ans-value profile by velocity analytical ultra- ~ thermodynamic stability of these various quaternary struc-
centrifugation identical to wild-type TTR, demonstrating a tures is similar, consistent with their analogous structures.
similar overall structure (data not shown). Covalent tethering (TTR-L-TTR), is not amenable to denaturation by urea
of neighboring subunits by a disulfide bond allows its (Figure 4B), even upon extended incubation periods up to 2
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Ficure 4: (TTR-S-S-TTR)and (TTR-L-TTR) display distinct susceptibilities to the chaoptropes GdnHCI and urea. GAnHCI (A) and urea

(B) stability curves of wild-type TTR (blue), (TTR-S-S-TTR(green), (TTR-L-TTR) (orange) 18), and (TTR-SH) (red). Protein (3.6

uM) was incubated for 96 h at 2%5C at variable chaotrope concentrations prior to measurement of tryptophan fluorescence emission
spectra. The tryptophan fluorescence emission intensity ratio displayed is defined as the ratio of the tryptophan emission intensity at 355
nm (unfolded) to the tryptophan emission intensity at 335 nm (folded) and is used as a measure of foldedness. Extended urea denaturation
time courses at various urea concentrations utilizing the tryptophan fluorescence intensity ratio to monitor foldedness for (TTR.S-S-TTR)

in the absence (C) and presence (D) of DTT [affording (TTR.$H) the absence of DTT, (TTR-S-S-TTRJenatures to lesser extent and

with slower kinetics compared to samples incubated with DTT, (TTR;SH)

weeks, 18). Urea denaturation of (TTR-S-S-TTRxhibits cence-based (TTR-S-S-TTRynfolding curves were reca-
significant differences with and without disulfide reductant pitulated when monitored by another spectroscopic method
(Figure 4B). With DTT present, (TTR-ShH}lisplays a urea  that directly assessef-sheet secondary structure. The
denaturation curve identical to wild-type TTR. In the absence resultant CD-based unfolding curves (Figure 5A) overlaid
of reductant, (TTR-S-S-TTRpappears to be resistant to urea- nearly identically with fluorescence-based curves, suggesting
mediated denaturation when tryptophan fluorescence is usedhat fluorescence unfolding curves were not artifactual. In
to monitor unfolding. To determine whether the differences fact, the far-UV CD spectra as a function of urea concentra-
in the denaturation traces are due to slow kinetics (slow tion exhibit minimal changes, suggesting little losgesheet
approach to equilibrium) rather than thermodynamic differ- structure (Figure 5B). Notable CD spectral changes are
ences, urea denaturation curves with variable incubationproduced with the DTT-reduced (TTR-Sftontrol (Figure
periods were recorded. Extending the urea incubation period5C). To further explore the status of (TTR-S-S-TTR) a

of (TTR-S-S-TTR) beyond 96 h shows slightly more high concentration of urea (7 M), analytical ultracentrifu-
denaturation, though a wild-type TTR-like denaturation gation velocity analysis was performed. (TTR-S-S-TTR)
profile is not realized even after 2 weeks of incubation incubatedm 7 M urea exhibited a single monodisperse peak
without reductant (Figure 4C). Even at the highest urea at a sedimentation value of 1.9, consistent with a single
concentration employed, 7 M, the tryptophan emission disulfide-intact chain, (TTR-S-S-TTR) MW = 27 kDa,
intensity ratio does not reach the plateau level of (TTR2SH) indicating that dissociation had occurred (Figure 5D). Urea
(Figure 4D). Far-UV circular dichroism (CD) was employed is able to dissociate (TTR-S-S-TTRhto (TTR-S-S-TTR),

to monitor denaturation and determine whether the fluores- but the disulfide-linked AB construct (Figure 1D) is resistant
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Ficure 5: (TTR-S-S-TTR) tertiary structure is stable to denaturation by urea. (A) Plot of the fraction unfolded (TTR-S-S-{dERhed
lines) and (TTR-SH)(solid lines) derived from both tryptophan fluorescence [(TTR-S-S-ETétange dashed; (TTR-SHYed solid] and
far-UV CD [(TTR-S-S-TTR), light blue dashed; (TTR-Sk)dark blue solid] as a function of urea concentration. The fraction unfolded is
calculated by dividing the signal at each urea concentration by the signal from the highest urea concentration sample of,(TFER-SH)
UV CD spectra of (TTR-S-S-TTR)B) or (TTR-SH), (C) at various urea concentrations displaying the conversion fraimeet secondary
structure to a random coil ensemble with increasing urea concentration. ProteiM(3:&s incubated at 25C for 96 h prior to measurement.

(D) Sedimentation velocitg(s) distribution of (TTR-S-S-TTR)incubated m 7 M urea for 96 h prior to analysis displaying a single
monodisperse peak corresponding to (TTR-S-S-TTd®nsistent with dissociation but not denaturation as demonstrated in (A) and (B).

asL 000,
-DTT

to urea denaturation, consistent with both the CD and the homotetramers with (TTR-S-S-TTRand (TTR-L-TTR)
fluorescence changes observed. Although the urea denaturallows for determination of the extent and rate of dissociation
ation susceptibility of (TTR-S-S-TTR)s distinct from that as measured by the formation of the mixed species, (TTR-
of wild type, the difference is explainable by the kinetic S-S-TTR)(FT), and (TTR-L-TTR)(FT),, respectively. The
stability of a single 16-stranded (TTR-S-S-TT1RJ-sheet appearance of these mixed peaks over time is used to measure
molecule in urea, further emphasizing the requirement for the amount of subunit exchange.
monomerization in order for TTR to be susceptible to urea  The (TTR-S-S-TTR) construct is able to exchange with
denaturation. In other words, a mostly folded AB disulfide- subunits from FTto afford the expected statistical distribu-
stabilized-sheet is afforded in urea, consistent with the tion [50% of the total protein present as (TTR-S-S-
sedimentation pattern discerned from analytical ultracen- TTR),FT,], over the course of 120 h, with kinetics similar
trifugation. to that of wild-type TTR (Figure 6A). Figure 6B shows a
Subunit Exchange of (TTR-S-S-T7&)d (TTR-L-TTR) representative chromatogram displaying the peak distribution
The ability of TTR constructs to dissociate and reassemble of (TTR-S-S-TTR), (TTR-S-S-TTR)(FT),, and (FT). Ad-
under physiological conditions is best ascertained by subunitdition of the potent TTR amyloidogenesis inhibitbr(7.2
exchange methodology previously reported by our laboratory uM, twice the concentration of TTR and sufficient to occupy
(35, 39. A TTR homotetramer composed of monomers both binding sites) is able to prevent subunit exchange from
with a tandem Flag-tag sequence at their N-termini (homo- both wild-type TTR and (TTR-S-S-TTR)consistent with
tetramers will be denoted R)is known to dissociate and  kinetic stabilization 85).
reassemble with subunits of a wild-type TTR tetramer, In contrast, the (TTR-L-TTR)construct does not exhibit
affording tetramers with a statistical distribution of subunits any measurable exchange with FSubunits on this or any
as discerned by ion-exchange chromatography. Mixing FT relevant time scale (measurements made after 9 months of
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Ficure 6: Exchange of subunits from (TTR-L-TTRand (TTR-S-S-TTR)demonstrates dissociation of the latter only. (A) Subunit exchange
time course of wild-type TTR, (TTR-S-S-TTR)(TTR-L-TTR),, wild-type TTR incubated with the potent amyloidogenesis inhibitor,
and (TTR-S-S-TTR) incubated withl. Protein (1.8uM) was incubated with 1.8&M dual Flag tag TTR homotetramers (§Twhen
presentl is at a concentration equal to the thyroxine binding sites present:{#)2Percentage of total protein in the mixed species peak
(wild-type TTRY(FT),, (TTR-S-S-TTR)(FT),, or (TTR-L-TTR)(FT), is plotted against incubation time at 26. (B) Representative anion-
exchange chromatograms of a (TTR-S-S-TF#R)(FT), reaction at incubation timed 6 h (gray) and 40 h (black); the 40 h chromatogram
displays three distinct peaks representing (T R) TR-S-S-TTR)(FT),, and (FT).

incubation show no exchange), consistent with previous (mechanism 1, Figure 2) based on examination of the crystal
results (8). structure of wild-type TTR. The AB/CD dimers (Figure 1A)

Whereas (TTR-S-S-TTR)is able to exchange subunits are held together by significant hydrogen-bonding and side-
as rapidly as wild-type TTR, (TTR-L-TTR)is unable to chain-side-chain interactions associated with intermolecular
undergo dissociation and subunit exchange on any biologi- 5-sheet interactions between hetrands (Ser115Thr123),
cally relevant time scale. This dramatically distinguishes the making dissociation by mechanism 1 unlikely. In contrast,
two different quaternary interfaces with regard to overall the interface broken in mechanism 2 is stabilized mainly
quaternary structural stability under physiologically relevant through hydrophobic contacts mediated by the AB and GH
conditions. Tethering the subunits comprising the AC and loops (Figure 1C)17). Previous work demonstrates that Lys-
BD quaternary interfaces is able to dramatically stabilize the 15 residues located proximal to the crystallograpbi@xis
tetrameric structure of TTR. In contrast, stabilization of the in the tetramer contribute substantially to quaternary struc-
AB and CD intermoleculag-sheet interface by disulfide tural stability. These residues have a dramatic destabilizing
tethering has little discernible effect on quaternary structural electrostatic effect on the quaternary interface that dissociates
stability. Therefore, it appears almost certain that TTR in mechanism 2, a destabilization lessened by increasing ionic
dissociates by mechanism 2 (Figure 2) and that the quaternanstrength of the buffer or by mutation to a noncharged residue.
structural interface creating the thyroxine binding sites and For example, the K15A mutation leads to a kinetically stable
encompassing the crystallograpkigaxis (Figure 1B) isthe  tetramer 88). The stability and dissociation kinetics of (TTR-
weaker of the two dimerdimer interfaces in the tetramer. L-TTR), and (TTR-S-S-TTR) implicate mechanism 2 for
This interpretation is consistent with the urea denaturation dissociation, which is fully consistent with what one would
data that show that covalent tethering across the AC andexpect from inspection of the structure and from previous
symmetry-equivalent BD interfaces prevents dissociation data.
required for urea denaturation, whereas covalent linkage That dimer scission (mechanisms 1 and 2) is much more
across the AB and symmetry-equivalent CD interfaces doesiikely than the sequential monomer loss mechanism (mech-
not prevent dissociation of (TTR-S-S-TTRjut prevents  anism 3) is supported experimentally by previous experi-
substantial denaturation because (TTR-S-S-TTRkineti- ments examining the ability of monomer subunits to disso-
cally stable in urea, owing to its artificial disulfide bond.  ciate from a (TTR-L-TTR}(FT), molecule {8). If mechanism

3 were the main or a contributing pathway of dissociation,

DISCUSSION incubation of (TTR-L-TTR):(FT), would be expected to

The (TTR-S-S-TTRy and (TTR-L-TTR) constructs co- equilibrate to the three possible peaks over time. This was
valently tether the AB/CD and AC/BD quaternary interfaces, not observed; in fact, (TTR-L-TTRYFT). is kinetically
respectively. These interfaces were altered in an attempt tostable for at least 9 months of incubation and does not
identify the weaker of the two interfaces and, thus, the likely dissociate, strongly implicating a dimer scission mechanism
pathway of tetramer dissociation. We anticipated that the (18).
dimer—dimer interface bisected by the crystallograp@ic Further evidence against mechanism 3 for dissociation
axis is less stable and thus would come apart first (mecha-comes from an analysis of the kinetics of subunit exchange
nism 2, Figure 2) relative to the other dimeatimer interface between wild-type TTR and RI Measurement of the
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increase or decrease of the concentration of the five differentrecently tethered a potent inhibitor to one subunit of TTR
tetramers with distinct subunit stoichiometries as a function so that it would only bind to one of the two thyroid hor-
of time demonstrates that the rates of formation and mone binding sites. This singly liganded TTR tetramer is
disappearance are identicab). That is, each mixed tetramer  kinetically stable, further supporting mechanism 2. If mech-
peak grows at the same rate that the homotetramer peaksnism 1 was operational, stabilization of one of those dimers
decrease. If monomer loss occurred, the 3:1 mixed peaksshould not influence the first dissociation step, which would
would be expected to grow much more rapidly than the 2:2 be expected to produce one stable AC dimer and a BD dimer
peak, due to the populations of trimer and monomer that that could then dissociate into monomers, which was not
result from the dissociation of the first monomer. Equal peak observed. These results also provide strong evidence against
appearance/disappearance kinetics would occur only if dis-mechanism 3.
sociation rapidly afforded only monomers which reassemble  Topologically, there are only a limited number of possible
with a rate that is slow relative to complete dissociation. In dissociation pathways available to a tetrameric protein like
order for mechanism 3 to display no bias in peak growth TTR. Transthyretin is uniquely suited for a thorough
and disappearance kinetics, the second and third dissociatiofinvestigation of its dissociation mechanism due to the wealth
events would have to be much faster; yet, if this were the of previous information about the protein, the capability of
case, the (TTR-L-TTR)(FT). subunit exchange studies engineering distinct, identifiable, tethered subunits, and
would be expected to display a significant growth of (TTR- applicability of techniques that can report on the kinetics
L-TTR). and (FT) peaks, which was not observed. These and thermodynamics of quaternary interactions. We show
results demonstrate that it is unlikely that TTR dissociates that, for TTR, initial dimer scission into AB and CD dimers
by mechanism 3. is followed by rapid dissociation of these dimers to the
The observation that (TTR-S-S-TTR)nd wild-type TTR component monomers. This dissociation pathway of TTR,
exchange subunits at the same rate strongly supports disdepicted in Figure 2, mechanism 2, is consistent with all of
sociation by mechanism 2, in contrast to the lack of the experimental results, both herein and previously pub-
dissociation observed by (TTR-L-TTR)ruling out mech- lished, as outlined above. This mechanism of dissociation
anism 1. Mechanism 2, characterized by rate-limiting tet- also nicely rationalizes the kinetic stabilization of TTR
ramer dissociation to dimers and then rapid dissociation of imposed by small molecule binding.
the AB and CD dimers to monomers, nicely explains why
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