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Human transthyretin (TTR) is an amyloidogenic protein
whose mild amyloidogenicity is enhanced by many point muta-
tions affecting considerably the amyloid disease phenotype. To
ascertain whether the high amyloidogenic potential of TTR vari-
ants may be explained on the basis of the conformational change
hypothesis, an aim of this work was to determine structural
alterations for five amyloidogenic TTR variants crystallized
under native and/or destabilizing (moderately acidic pH) condi-
tions. While at acidic pH structural changes may be more signif-
icant because of a higher local protein flexibility, only limited
alterations, possibly representing early events associated with
protein destabilization, are generally induced by mutations.
This study was also aimed at establishing to what extent wild-
type TTR and its amyloidogenic variants are intrinsically prone
to 3-aggregation. We report the results of a computational anal-
ysis predicting that wild-type TTR possesses a very high intrin-
sic 3-aggregation propensity which is on average not enhanced
by amyloidogenic mutations. However, when located in
B-strands, most of these mutations are predicted to destabilize
the native f3-structure. The analysis also shows that rat and
murine TTR have a lower intrinsic 3-aggregation propensity
and a similar native 3-structure stability compared with human
TTR. This result is consistent with the lack of in vitro amyloido-
genicity found for both murine and rat TTR. Collectively, the
results of this study support the notion that the high amyloido-
genic potential of human pathogenic TTR variants is deter-
mined by the destabilization of their native structures, rather
than by a higher intrinsic 3-aggregation propensity.

Protein misfolding and aggregation are involved in the
pathogenesis of particularly relevant human deposition dis-
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eases, known as amyloidoses. In such diseases, normally soluble
proteins undergo misfolding and become insoluble, causing
the extracellular deposition of fibrillar aggregates (for
reviews, see Ref. 1, 2). To date, more than 40 distinct human
proteins have been associated with amyloidoses. For some of
such proteins, including transthyretin (TTR),* lysozyme,
gelsolin, ApoAl, and ApoAll, fibrinogen A a-chain and cys-
tatin C, the amyloidogenic potential is induced, or is
enhanced as in the case of TTR (see below), by specific muta-
tions. The most frequent hereditary amyloidoses are caused
by the genetic variants of human TTR (2).

TTR is a homotetramer of about 55 kDa involved in the
transport of thyroxine in the extracellular fluids and in the co-
transport of vitamin A, by forming a macromolecular complex
with retinol-binding protein, the specific plasma carrier of ret-
inol (3-5). Its three-dimensional structure is known at high
resolution (6, 7). The structure is characterized by a large pre-
dominance of B-strands, and its four monomers are arranged
according to a 222 symmetry, where one of the 2-fold symmetry
axes of the molecule coincides with a long channel that trans-
verses the entire tetramer and harbors two symmetrical binding
sites for the thyroid hormone thyroxine. Each monomer con-
tains eight B-strands (A-H), arranged in a B-sandwich of two
four-stranded B-sheets, with a short a-helix connecting two of
the eight B-strands. In the tetramer, the four monomers are
organized as a dimer of dimers. Two monomers are held
together, forming a stable dimer through a net of H-bond inter-
actions involving the two external 3-strands H and F. The two
dimers associate back to back and form the tetramer, by inter-
acting mostly through hydrophobic contacts between residues
of the AB and GH loops.

Normal TTR possesses an inherent potential, albeit low, to
generate amyloid fibrils, giving rise to Senile Systemic Amyloi-
dosis (SSA) in ~25% of the population aged over 80 years (8).
More than 100 point mutations are described for human TTR.
Most of them are involved in the hereditary amyloidoses known
as familial amyloidotic polyneuropathy (FAP) or cardiomyopa-
thy (FAC) (9). Single point mutations enhance the amyloidoge-
nicity of TTR, so that patients show an earlier age of onset and
a faster disease progression compared with SSA patients. The
observation that single point mutations can drastically influ-

“The abbreviations used are: TTR, transthyretin; r.m.s.d., root mean-square
deviation; PDB, Protein Data Bank.

VOLUME 284 -NUMBER 38+-SEPTEMBER 18, 2009


http://www.pdb.org/pdb/explore/explore.do?structureId=3DJR
http://www.pdb.org/pdb/explore/explore.do?structureId=3DJS
http://www.pdb.org/pdb/explore/explore.do?structureId=3DJT
http://www.pdb.org/pdb/explore/explore.do?structureId=3DJZ
http://www.pdb.org/pdb/explore/explore.do?structureId=3DK0
http://www.pdb.org/pdb/explore/explore.do?structureId=3DK2
http://www.pdb.org/pdb/explore/explore.do?structureId=3DO4

ence the disease phenotype is particularly relevant. In fact, the
study of pathogenic TTR variants may provide clues to the
mechanism of their abnormal behavior leading to amyloid for-
mation. Although amyloidogenic proteins in general may be
structurally unrelated to each other, and lead to various patho-
logical phenotypes in humans, the amyloid fibrils originating
from different proteins share the common cross-f structure,
consisting in continuous B-sheets lying parallel to the longitu-
dinal axis of the fibril, with the constituent 3-strands running
perpendicular to this axis. Therefore, the amyloidogenic pro-
teins have to undergo structural alterations to be able to gener-
ate the cross-f structure, i.e. new 3-pairing interactions have to
be established on the way to fibril formation. However, the
molecular mechanisms underlying protein misfolding and
aggregation into highly ordered fibrillar structures are not clar-
ified definitely, although significant progress is recently been
made toward their elucidation (1, 10, 11).

Based on the seminal observation that the rates of aggrega-
tion into amyloid fibrils in vitro correlate with simple physico-
chemical amino acid features (12), several algorithms were
introduced in recent years to predict, with good success, the
intrinsic [-aggregation propensities of protein and peptide
sequences (for a review, see Ref. 13). The intrinsic -aggrega-
tion propensity is a measure of the tendency polypeptide chains
may have to aggregate into the amyloid structure, provided that
aggregation proceeds from unstructured monomers. The pre-
diction of intrinsic propensities to 3-aggregation for amyloido-
genic or non-amyloidogenic variants of the same sequence was
used to explain in several instances their relative ability to speed
up/slow down in vitro fibrillogenesis or the enhancement/re-
duction of their amyloidogenic potential in vivo (14). However,
a high intrinsic aggregation propensity may not result in an
actual aggregation, due to the protecting role of the ordered
native structure (15, 16). Therefore, the amyloidogenic poten-
tial in the TTR variants may depend further on the change of
stability in the native TTR tetramer induced by mutations. In
particular, it remains to be clarified to what extent human TTR
possesses an intrinsic propensity to B-aggregation, and whether
amyloidogenic mutations enhance such a propensity, or only
destabilize the TTR tetramer, thereby facilitating the misfold-
ing and misassembly of a protein which is in itself prone to
B-aggregation.

With regard to the pathway from native to misfolded TTR
and to amyloid aggregation, the results of a number of in vitro
studies are consistent with the rate-limiting dissociation of the
TTR tetramer, followed by misfolding of TTR monomers and
their downhill polymerization to generate pathological aggre-
gates (17-25). The crystal structures of amyloidogenic TTR
variants are generally well conserved (26 —30). Accordingly, the
functional properties of the variants, such as the ability to inter-
act with retinol-binding protein (5), are maintained, being con-
sistent with the fact that large conformational changes are not
induced by amyloidogenic mutations, at least under native-like
conditions (11). In vitro studies have shown that a moderately
acidic medium (pH 4 -5) facilitates TTR fibrillogenesis (17) and
that the extent of fibril formation is remarkably enhanced for
amyloidogenic TTR variants in comparison to wild-type TTR
(31). Recently, it has been shown by x-ray analysis that an acidic
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pH (4.6) causes a large local conformational change in an amy-
loidogenic TTR variant (184S) affecting two subunits within the
tetramer, which probably destabilizes the TTR tetramer (32). In
contrast, no significant structural changes for wild-type TTR at
pH 4.6 and for 184S TTR at neutral pH were found, suggesting
that conformational changes associated with a destabilization
of the TTR native state may be induced or enhanced in amyloi-
dogenic TTR variants by partially denaturing conditions (32).
Pursuing these observations, we extend here our investigation
to include other amyloidogenic TTR variants in comparison to
the wild-type protein, with the aim to unravel structural alter-
ations that are possibly associated with an enhanced amyloido-
genic potential, according to the conformational change
hypothesis (11). In addition, we report the results of a compu-
tational analysis of the mutational effects on both the intrinsic
propensity to [-aggregation and the stability of the native
B-structure. The same analysis is performed on murine and rat
TTRs, whose structural organizations are very similar to that of
the human protein (33, 34).

EXPERIMENTAL PROCEDURES

Structure Determination and Refinement for Human TTR
Variants—Crystals of the recombinant human TTR variants
V30M, L55P, L58H, T60A, and Y114H, prepared as described
(5, 32), were grown either at pH 7.5 or 4.6 as reported elsewhere
(32). Only for L55P TTR, crystals obtained at neutral pH were
soaked overnight in the pH 4.6 precipitant solution, containing
50 mm sodium acetate. The datasets concerning the different
variants were collected at the synchrotron radiation facility
ESRF in Grenoble, using several beamlines (ID23-1, ID29,
ID14-1, ID14-4). All crystals were briefly soaked in a cryopro-
tectant (essentially 10 to 25% ethylene glycol) added to the pre-
cipitant solution, before freezing and data collection. Datasets
were collected for all variants at slightly different resolutions,
between 1.8 A to 2.4 A. The crystals of four of the TTR variants
belong to the orthorhombic space group P2,2,2 as the wild-
type TTR, with two monomers in the asymmetric unit. Only the
T60A variant produced crystals belonging to the monoclinic
space group P2;, with 2 tetramers (8 monomers) in the asym-
metric unit. Datasets were processed with the software Mosflm
(35) and scaled with Scala (36) contained in the CCP4 suite (37).
The structures of the mutants were determined by molecular
replacement, applying the automatic full procedure in Phaser
(38) and using a dimer of the native TTR as a template (PDB
code 1F41, Ref. 7). The models were initially refined by
restrained molecular dynamics, minimization, and refinement
steps with CNS (39), and in the final cycles by Refmac (40) or
Shelxl software (41). Map visualization and manual adjustment
of the models were performed using the Coot graphic interface
(42). Statistics concerning the data collections and the quality of
the refined models are summarized in Table 1.

Computational Analysis of the Propensity to B-Structure For-
mation for Wild-type TTR and TTR Variants—To evaluate the
intrinsic B-aggregation propensities of the TTR sequences ana-
lyzed in this study we employed the algorithm PASTA. It was
recently proposed (43) to predict (i) which portions of a given
protein or peptide sequence forming amyloid fibrils are stabi-
lizing the corresponding cross- @ structure and (ii) the specific
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intermolecular pattern of hydrogen bonded amino acids. The
algorithm is based on an energy function for specific 3-aggre-
gation, which was derived from a large group of non-redundant
high resolution x-ray structures of globular proteins (44). The
assumption that information regarding the structure of amy-
loid fibrils can be deduced by studying the structures of globular
proteins rests on the well established observation (45, 46) that
the aggregation mediated by nonnative B-pairings is a possible
mode that polypeptide chains may adopt against insufficient
folding stability. By assuming that the globular protein data
base represents a system in thermodynamic equilibrium at a
single temperature, which is supposed to be roughly constant
for all proteins in the data bank, it then follows that the propen-
sities p2%" of finding a given residue pair ab in the ensemble,
with a and b facing each other in neighboring parallel (P) or
antiparallel (A) B-strands, are given by po¢" = exp(—EZ?),
where —EZ( are effective adimensional energies, and both a
and b run over the 20 different amino acids (47). Propensities
are defined as the ratio of the observed over the expected prob-
abilities. They tell whether there is a higher (EZ* < 0) or a
lower (EZ > 0) probability of finding the residue pair ab in
parallel (or antiparallel) B-pairing in comparison to what is
found in the reference state, built by considering all possible
residues. Based on these effective energies we can associate an
energy score to the B-pairing of any two sequence stretches,
which can be chosen from distinct protein chains sharing an
identical sequence. The pairing is specific since only pairs of
residues facing each other in the corresponding register con-
tribute to the energy score. All possible aggregation patterns are
then defined in terms of the positions along the sequence ;,j, the
length L, and the relative orientation (either parallel or antipa-
rallel) of the two sequence stretches participating in the pairing.
An entropic term is included in the energy score to take into
account the total entropy loss due to the B-ordering of the L
residue pairs upon aggregation. PASTA assumes that the pat-
tern which minimizes this energy score becomes the aggregat-
ing unit at the basis of the assembly of polypeptide chains into
amyloid fibrils.

A novel feature of the method is the ability to predict the
registry of the intermolecular hydrogen bonds formed between
amyloidogenic sequence stretches (43). We employ this unique
ability by computing the stability E_, of the native B-structure
based on the hydrogen bond registry found within 8-sheets in
the native TTR structure, as follows in Equation 1.

ng—1

— P(A
Enat - Eek 2 Ea}lk)+[)a(mkti) (EQ- U
k i=0

The first sum runs over all pairings between B-strands, whereas
the second sum runs over all 7, residue pairs involved in pairing
k. Each pairing is further identified by its first residue pair (/,
m,). Energy contributions depend on the residue types a(/,) and
a(m,) which are paired and on the parallel/antiparallel nature of
the pairing. The energy contribution from pairing k also
depends on its intra(inter)-subunit character, according to 6, =
1(0.5), so that E,, ,, is an energy score per monomer. Native pair-
ings for the human TTR native structure are taken from the
PDB structure 1F41 (7) and are summarized in Table 2.
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By using PASTA it is possible to rationalise the observed
tendency of proteins to assemble into parallel B-sheets in which
the individual strands are in-register contributing to form
stackings of the same residue type along the fibril axis. The
algorithm is also able to correctly discriminate the orientation
between intermolecular B-strands, either parallel or antiparal-
lel. Moreover, PASTA is able to recognize the sequence form-
ing the cross B-core of the fibrils, in good agreement with the
experimentally determined amyloid structures (43, 48). The
energy functions used by PASTA are published in Ref. 43, and
the algorithm can be utilized in its standard form (49); the anal-
ysis presented here requires different options in providing
input sequences and native B-pairings which are presently not
available on the web-server. Notice that the native structure of
human TTR is present in the dataset used to obtain PASTA
energy functions (43). We obtained a new set of potentials by
removing the TTR structure from the dataset, but the results
did not significantly change (data not shown). To favor valida-
tion by other groups, we use in this work the already published
energy functions.

RESULTS AND DISCUSSION

Crystal Structures of Amyloidogenic TTR Variants at Neutral
and Acidic pH—The crystal structure of five TTR amyloido-
genic variants, at neutral and/or acidic pH, were refined (Table
1), and the results of this analysis are presented below.

V30M TTR Variant—The crystal structure of the V30M TTR
variant at acidic pH (pH 4.6) is for both monomers A and B, and
for the equivalent monomers C and D (for the designation of
TTR subunits, see Fig. 1A4), virtually identical to those of the
same variant at pH 5.3 (PDB: 1TTC, (26)) and of the wild-type
protein at neutral pH (pH 7.0) (PDB: 1F41, (7)). The region of
the mutation is also unaltered, since the hydrophobic wild-type
Val residue, which points toward the interior of the protein and
is there surrounded by hydrophobic residues (Val-14, Val-16,
Val-28, Val-49, Leu-55, Val-71, Ile-73), is substituted by a sim-
ilarly hydrophobic Met residue. The only difference between
the pH 4.6 V30M TTR structure and the pH 7.0 wild-type struc-
ture is that in the first the distances between the CE atom of
Met-30 and Val-14 atoms are around 3.5 A, which roughly cor-
responds to the van der Waals distance, while the Val-30 side
chain atoms are more distant from those of nearby residues
(around 4.3 A from the Val-14 atoms and 3.7 A from the Val-71
atoms). This difference is at least in part due to a steric hin-
drance, being the side chain of the Met residue slightly larger
than the one of Val-30, and as such is in closer contact with
nearby residues. Although the structure of the V30M TTR var-
iant is apparently not significantly affected by the mutation rel-
ative to the wild-type TTR, one can assume that too close con-
tacts between Met-30 and nearby residues may have a
destabilizing effect on the TTR structure.

L55P TTR Variant—The crystal structure of the L55P TTR
variant (space group P2,2,2) at neutral pH has been compared
with that of the wild-type protein crystallized isomorphously at
neutral pH (PDB: 1F41) and to the same variant in a different
crystal form also at neutral pH (space group C2; PDB: 5TTR,
(28)). The same small, but significant, differences relative to the
wild-type protein that were already observed for the C2 crystal
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TABLE 1
Statistics on data collection and refinement
L58H pH 4.6 L58HpH 7.5 V30M pH 4.6 L55P pH 7.5 L55P pH 4.6 Y114H pH 4.6 T60A pH 4.6
Space group, cell parameters P2,2,2 P2,2,2 P2,2,2 P2,2,2 P2,2,2 P2,2,2 P2,”
(ab,c,B A" 43.85, 85.69, 42.88, 84.14, 43.78, 86.06, 42.73, 83.63, 42.63, 84.78, 42.34, 85.78, 60.59, 75.91,
. 64.48 64.42 64.23 66.60 65.42 62.52 107.27,93.1
Resolution” (A) 64.42-1.80 64.42-2.02 86.07-2.20 66.67-1.82 51.3-1.85 85.75-2.35 107.21-2.40
(1.90-1.80) (2.11-2.02) (2.32-2.20) (1.92-1.82) (1.95-1.85) (2.48-2.35) (2.53-2.40)
Independent reflections 23088 (3343) 15678 (1609) 12491 (1716) 21935 (3157) 19735 (2554) 9985 (1409) 38055 (5558)
Multiplicity 7 (7.0) 6.7 (3.5) 3.3(3.0) 6.9 (7.1) 6.3 (4.2) 6.6 (6.9) 4.0 (4.1)
Completeness (%) 99 4 (100) 95.4 (69.5) 97.6 (94.9) 99.4.(99.3) 98.1 (89.7) 99.8 (100) 99.6 (99. 8)
<I/o()> 16.4 (5.3) 22.6 (4.1) 12.0 (5.5) 21.3 (4.4) 19.8 (3.5) 17.1 (3.8) 14.3 (2.9)
Runerge’ 0.103 (0.342) 0.057 (0.349) 0.094 (0.326) 0.054 (0.414) 0.062 (0.434) 0.069 (0.394) 0.069 (0.486)
Refinement statistics
Protein atoms 1796 1782 1834 18944 1854 1862¢ 7161
Water molecules/ligands 184 62 138 126 133 105 131/20
Cryst °/Rgee 0.204/0.217 0.202/0.228 0.215/0.253 0.197/0.219 0.208/0.223 0.217/0.247 0.205/0.267
R.m.s.d. from ideality
Bond lengths (A) 0.013 0.017 0.025 0.019 0.010 0.005 0.027
Bond angles (°) 1.5 1.6 1.8 1.6 1.0 1.6 2.2
Ramachandran plot:
Favored/allowed/disallowed (%) 90.6/9.4/0 89/11/0 87.6/12.4/0 89.9/10.1/0 89.0/11.0/0 85.6/14.4/0 83.7/16.2/0.1
Overall G factor 0 0 —0.3 0 0.1 0 —0.4

“Two tetramers in the asymmetric unit.

?Values in parentheses are for the outer resolution shell.

“Runerge = il = <la™/ -

4 Some residues were refined in double conformation.

© Reryse = 2l [Fol =
omitted from refinement) sets, respectively.

form are visible in the mutated region of the structure we have
determined. The L55P mutation introduces an irregularity in
the B-strand in which the mutation is present, causing a loss of
H-bond interactions and, consequently, a likely destabilization
of the monomer conformation. Specifically, in both subunits of
the dimer, though in a slightly different way, residues from 54 to
56 are slightly shifted away (the maximum shift of Ca atoms
involves residue 56 and is of about 2.6-2.8 A), so that two H
bond interactions, between Leu-55 (B-strand D) and Val-14
(B-strand A) (O55-N14 and O14-N55, Fig. 1B), are lost.
Because of the fact that L55P TTR did not crystallize at acidic
pH, the structure at low pH could be obtained by soaking crys-
tals, grown at neutral pH, in a solution at pH 4.6 (see “Experi-
mental Procedures”). After soaking, the main chain atoms kept
their original positions relative to the variant at neutral pH.
Differences could be observed in the orientation of surface
exposed ionizable side chains, in particular Glu and Arg resi-
dues, similar to those found for wild-type TTR at moderately
acidic pH (32), before more substantial conformational changes
occurred at lower pH values (50). Interestingly, the side chain of
His-56 of monomer B was disordered, whereas in monomer A,
it showed a good definition in the electron density, in accord-
ance with a certain degree of structural flexibility in the
mutated region.

L58H TTR Variant—By comparing the crystal structures of
L58H TTR and wild-type TTR at neutral pH, only a small dif-
ference is visible in the region of the mutation in monomer A. In
particular, the His-58 side chain rotates slightly compared with
the Leu-58 side chain position, pointing toward the solvent.
This movement is more drastic in the variant at pH 4.6, and
because of the protonation of His-58, in both monomers A and
B its side chain points toward the solvent; the entire main chain
from residues 56 to 59 rearranges as well, so that the side chain
of His-56 also changes its orientation (Fig. 1C). Because of these
movements at acidic pH, one H-bond interaction per subunit is
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KIF||/Z 1l Fol where |F,| and |F,| are the observed and calculated structure factor amplitudes for reflection hkl, applied to the work (R.,y,) and test (Rp,e) (7%

lost (055-N14, 3.1 A and 3.2 A in monomers A and B,
respectively).

T60A TTR Variant—This is the only variant, among those
investigated here, where the low pH (pH 4.6) induces the crys-
tallization in a different crystal form (space group P2,, with two
tetramers in the asymmetric unit). Monomers were refined
imposing restraints on non-crystallographic symmetries, with
the exception of regions 56 — 64 and 100 -103, which assume a
different conformation in some of the subunits. In particular,
for the first tetramer (subunits labeled A, B, C, E), the electron
density for the region from residues 56 to 64, comprising the
mutated residue, is well visible in subunit A, B, C, while it pre-
sents a small break at residues 58 —59 in subunit E. The electron
density is more disordered in the subunits of the second tet-
ramer (subunits labeled D, F, G, H), with the exception of sub-
unit G, in which there is a short break at residues 60 — 62. In the
pH 4.6 structure subunit A assumes a completely different con-
formation, subunit E a quite different, and subunits B and C a
similar one compared with the wild-type protein. A superposi-
tion of this area is illustrated in Fig. 1D. It should be noted that
the structure of human TTR in complex with thyroxine crystal-
lized in a monoclinic crystal form with two tetramers in the
asymmetric unit (PDB: 1ICT (51)) shows more similarities to
the wild-type protein (PDB: 1F41) in comparison to T60A var-
iant. Moreover, the latter variant crystallized at pH 5.5 (PDB:
1TSH (29)) is also similar to the wild-type protein; the only
significant difference is the presence of the N-terminal residues
(residues 1-9), which are not visible in most of the TTR struc-
tures present in the PDB.

Y114H TTR Variant—In all subunits, His-114 in one subunit
is positioned in the loop connecting strands G and H and is
close to strand H of the other subunit of the dimer. It is exposed
to the solvent and a change in its protonation state does not
influence the protein conformation in both subunits. In fact, in
both subunits of the dimer the structure of the Y114H variant
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A

FIGURE 1. A, schematic view of the TTR structure, seen looking through the
central channel that transverses the entire tetramer. The four monomers,
shown in different colors, are labeled from A to D. Monomers A and B (or Cand
D) form the asymmetric unit in the crystal cell for the P2,2,2 space group. The
eight B-strands forming the two 3-sheets are labeled with small capitals from
Ato H. B, stereoview of the regions 12-16 and 52-59 for the L55P TTR variant
after crystal soaking at acidic pH (pH 4.6) superimposed on the same regions
of wild-type TTR at neutral pH (PDB: 1F41, magenta). Because of the presence
of Pro-55 and possibly of the protonation of His-56, the stretch 52-55 does
not interact any more with B-strand A. C, stereoview of the region 52-62 of
the L58H TTRvariant at acidic pH (pH 4.6) (green), neutral pH (light blue) super-
imposed on the same region of wild-type TTR (magenta). D, stereoview of a
portion of the chain trace of monomer A of the T60A TTR variant at acidic pH (pH
4.6) (green) superimposed on the same region of the variant crystallized at pH 5.5
(PDB: 1TSH, cyan) and of wild-type TTR (red). The side chains of residues 56 — 64 for
our structure are shown explicitly. The N-terminal region 1-9, which is usually
disordered, can be seen in the PDB 1THS structure and appears to be partially
superposed on residues 59-61 of our structure. E, r.m.s.d. of a-carbon atoms of
variant structures relative to wild-type TTR (PDB: 1F41). For clarity, only data for
subunit A are reported. Data set labels are: PDB: 3DJR, L58H at pH 7.5; PDB: 3DJS,
L58H at pH 4.6; PDB: 3DJT, V30M at pH 4.6; PDB: 3DJZ, L55P at pH 7.5; PDB: 3DKO,
L55P at pH 4.6; PDB: 3DK2, Y114H at pH 4.6; PDB: 3D0O4, and T60A at pH 4.6.

crystallized at pH 7 is practically superimposable on that of the
same variant at pH 4.6 (present report) or to the wild-type pro-
tein (PDB: 1F41). However, because the side chain of His-114 is
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close to hydrophobic residues (to Phe-87 of the same subunit
and to Val-122 of another subunit, the shortest distance being
3.6 and 4.2 A, respectively), it is reasonable to assume that its
protonation at acidic pH destabilizes the tetrameric assembly,
favoring its dissociation.

A graph summarizing the r.m.s.d. of the Ca atoms for the
various TTR variants relative to the wild-type protein is illus-
trated in Fig. 1E. Major differences in the main chain fold are
grouped in the area comprising residues from 51 to 61, since
there are most of the examined mutations. Among the TTR
mutations examined here, two are located in B-strands (V30M,
L55P) and the others in loop regions (L58H, T60A, Y114H).
Three mutations (L55P, L58H, T60A) induce small, but signif-
icant, conformational changes within single monomers. It is
rather difficult to summarize the influence on the protein struc-
ture in the case of the mutation T60A, partly, because it induces
a change in the crystal form, with subsequent different packing
contacts, and partly for the presence of different conformations
of this region in the subunits of the two tetramers present in the
asymmetric unit. Overall, it can be stated that the T60A muta-
tion induces a flexibility in the loop 57— 62, which is accentu-
ated by the decrease of the pH. Such an effect is reminiscent of
that observed for 184S and 184A TTR variants, for which a large
conformational change in the region hosting the mutation was
induced by the lowering of the pH (32). Although limited, at
least at neutral pH, the above described structural perturba-
tions induced in TTR by amyloidogenic mutations possibly rep-
resent early events correlated with a destabilization of the TTR
structure, in accordance with several lines of evidence indicat-
ing that amyloidogenic TTR variants are more prone to dena-
turation and amyloid aggregation relative to wild-type TTR (22,
52-62).

Computational Analysis of the Propensity to Native and Non-
native (-Aggregation of Wild-type TTR and Amyloidogenic
TTR Variants—As mentioned above, the intrinsic propensity
to B-aggregation of an amino acid chain and its dependence on
specific point mutations can be analyzed by computational
techniques (13). To predict the intrinsic 3-aggregation propen-
sities for both wild-type and several amyloidogenic variants of
TTR, we employed the algorithm PASTA (43), which associates
an energy score to the B-pairing, either parallel or antiparallel,
of any two sequence segments of length L (see “Experimental
Procedures”). The energy function used by PASTA was deter-
mined by looking at preferential pairings between different res-
idue types within B-strands in a data set of globular proteins.
Hence, the algorithm is suitable to evaluate both the stability of
the native B-structure and the intrinsic propensity to form a
generic nonnative 3-structure, typically as a result of the aggre-
gation of different chains.

The intrinsic B-aggregation propensity of a given sequence is
simply estimated as the lowest energy score E, which is found
among all possible B-pairings, with L = 4, obtained by sliding
the sequence along itself. Energies lower than the threshold
E, = —4.0 are good predictors of fibril forming sequences (49).
For wild-type human TTR, E, is estimated to be —9.41, a value
much lower than E, and lower than those of other known amy-
loidogenic proteins and peptides analyzed previously (43),
thereby indicating an extremely high intrinsic 3-aggregation
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murine and rat TTR are thus
strongly reduced relative to human
TTR, yet remain rather high in
absolute terms.

Based on the set of specific
B-pairings which are present in the
native TTR structure (see “Experi-
mental Procedures” and Table 2),
the stability of the native B-struc-
ture can be evaluated by neglecting
the presence of different entropy
loss contributions due to the forma-
tion of intrachain pairings. For a
given TTR variant, the change in
native B-stability relative to the
wild-type protein AE_,, can obvi-
ously be computed only when the
mutated residue is located in a
B-strand. In addition, the variation
in the intrinsic aggregation propen-
sity, relative to the wild-type pro-
tein, is obtained as the change AE,
in the lowest energy score found
among all B-pairings obtained when
a 7 residue segment, with the
mutated residue at its center, is slid
along the whole 127 residue
sequence. In this way it is possible to
assess the mutational effect on all
possible  B-pairing interactions
involving small sequence portions
that contain the mutated residue.
Only B-pairings with4 = L = 7were
considered, according to the fact
that the smallest peptide known to
undergo fibrillogenesis is a tetra-
8 peptide (64). The above approach is
made possible by the unique ability
of PASTA to take into account
explicitly B-pairings between differ-
ent sequence segments, at variance

3DJs

. . e with other algorithms predicting
-] oiT . ops

;: -3pJ2Z aggregation  propensities.  The
€, Tibk changes AE,, in native B-stabilities

—3004  and AE, in the intrinsic B-aggrega-
tion propensities relative to wild-
type TTR are shown in Table 3, for
the amyloidogenic TTR variants
investigated here and for the 184S
TTR variant already investigated

DI\ SR N NG structurally (32). A further test was

71 81 91 L carried out by considering all the
2. number. 97 amyloidogenic TTR variants

FIGURE 1—continued reported in (9), and computing

the average intrinsic propensity

propensity. Remarkably, for both wild-type murine and rat changes <AE,> separately, for mutations located in B-strands

TTR, which are not amyloidogenic (33, 63), E, is estimated tobe  and in loop regions. One obtains <AE,> = 0.3 = 1.2 for

—5.83. The predicted intrinsic aggregation propensities of B-strands and <AE,> = 0.1 = 0.9 for loop regions, whereas
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<AE > = 0.54 = 0.86 is deter-
mined for mutated residues in
B-strands. By considering single
TTR variants, we find that AE, . and
AE, are positively correlated (r =
0.60), as shown in Fig. 2A. The indi-
vidual values are shown in Fig. 2B on
a residue by residue basis.

A positive AE, implies that the
mutated TTR variant is predicted to
be intrinsically less prone to non-
native (-aggregation than the wild-
type protein. A positive AE,,
implies that the native B-structure
is predicted to be destabilized rela-
tive to the wild-type protein, which
would favor instead the process of
B-aggregation by reducing the pro-
tective role played by the native
structure. If both quantities AE, and
AE_,, are positive, the two effects
may compete with each other. How-
ever, if the intrinsic propensity to
B-aggregation is very high for the
wild-type protein, as in the case of
human TTR, its reduction due to a
mutation is not abolishing its intrin-
sic ability to aggregate. This fact,
coupled to the destabilization of the
native structure produced by the
mutation, will induce, as a net effect,
an increment of the resulting amy-
lodogenic potential. It should be
pointed out, however, that a
mutated variant could be more or
less amyloidogenic because other
determinants of native structure
stability, not correlated with
PASTA predictions, may also be
affected by the mutation. It can be
noted that among the TTR variants
inducing the biggest effect on AE,
(and hence on AE ), one finds
V30M and L55P, whose crystallo-

>
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graphic structure has been deter-
mined in this work (Table 3). In
such cases, the positive signs of AE,
and AE_,, are consistent with the
notion that the mutation is amyloi-
dogenic because it destabilizes the

native [B-structure rather than Puman
because it enhances the intrinsic rat
B-aggregation  propensity. The
other mutations listed in Table 3
involve loop regions and could pro-  ynan
mote amyloidogenicity either by Touse

destabilizing the native structure, a
case which is not expected to be cor-
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TABLE 2

Summary of structural information related to native -pairings
within the human TTR dimer structure (PDB: 1F41)

For each pairing between two B-strands the orientation parallel (p) or antiparallel
(a), the weight 6, of its contribution to the total stability score, the number of
involved residue pairs 7, and the first and last residue pair are listed. Pairings 1-5
and 6 -9 compose two separate B-sheets. Pairings 5 and 9 are established between
different monomers.

Pairing Orientation 0, ny First pair Last pair
1 a 1 2 14-55 15-54
2 a 1 2 17-24 18-23
3 P 1 7 12-105 18-111
4 a 1 9 104-123 112-115
5 a 0.5 5 115-119 119-115
6 a 1 7 29-48 35-42
7 a 1 6 30-73 35-68
8 a 1 7 67-97 73-91
9 a 0.5 7 89-95 95-89

TABLE 3

Change in the stabilities of the native B-structure (AE, ,,) and in the
intrinsic propensities to -aggregation (AE,) of TTR variants

The fourth column denotes the location of the amino acid replacement in the native
structure for TTR variants. AE; is an adimensional energy, since the Boltzmann
factor is implicit in its definition (see “Experimental Procedures”). The last rows
refer to murine and rat TTRs compared to human TTR with which they share an
amino acid sequence identity of about 80% (Fig. 2C).

TTR variant AE AE, Native structure
V30M +1.54 +1.95 B strand B
L55P +1.80 +2.94 B strand D
L58H +0.62 Loop p-E
T60A —0.12 Loop p-E
184S +0.59 Loop a-F
Y114H +0.64: Turn G-H
Murine TTR +0.04 +3.57

Rat TTR —0.57 +3.57

related with PASTA predictions, or alternatively by stabilizing
nonnative B-aggregation, a case which would result in negative
values of AE,. Our data are consistent with the former hypoth-
esis, and with other theoretical predictions previously reported
for a few TTR variants (15).

The overall data on all amyloidogenic TTR variants known
from the literature show that the average intrinsic propensity
change <AE,> for mutations in loop regions predicted by
PASTA is zero. The same thing basically holds for mutations in
B-strands, because both <AE,> and <AE,, > are found to be
smaller than the large standard deviations found. Yet, the fact
that <AE_,,> > <AE,> > 0 points to a destabilization of the
native B-structure as the preferred mechanism, promoting
amyloidogenicity for mutated residues in native 3-strands. The
comparison of the standard deviations, obtained in computing
<AE,> and <AE_,> with the [B-aggregation propensity
changes (predicted in Table 3) reinforces the observation that
the predicted values are significant only for the mutations
V30M and L55P, which affect residues located in 3-strands.

Amyloidogenic Potential of Transthyretin Variants

We have computed PASTA predictions also for two variants,
R104H and T119M, which have been shown to play a protective
role against fibril aggregation, when coupled to amyloidogenic
mutations. Our results (AE, = 0 and AE,,, = —0.03 for R104H;

nat

AE, = +0.27 and AE,,, = +0.52 for T119M, see also Fig. 24)
correctly predicts that these variants do not increase the intrin-
sic aggregation propensity but also that they maintain essen-
tially the same native 3-stability as wild-type TTR. One would
expect that protective mutations should rather increase the
native stability of TTR. Indeed, it was experimentally shown
that several new stabilizing interactions are established within
the T119M variant, involving various other residues besides the
mutated one (57). PASTA, however, considers only the contri-
butions from residue pairs that involve the mutated residue.

A good test case for PASTA predictions is given by the non-
amyloidogenic murine and rat TTRs. It was recently shown that
murine TTR is not amyloidogenic because its tetrameric native
structure is kinetically stabilized relative to human TTR (33).
Additionally, a recombinant murine TTR variant engineered to
prevent native tetramer formation was shown to form amyloid
fibrils in vitro, albeit to a lesser extent relative to human TTR in
the same conditions (33). The changes AE_,, in native 3-stabil-
ities and AE, in the intrinsic propensities to form non-native
B-structure relative to wild-type human TTR were computed
for both murine and rat TTRs, as shown in Table 3. Contribu-
tions from different native 3-pairings are summed to get AE, .
(see “Experimental Procedures”), as they are affected by 9 out of
the total amino acid replacements present in the sequences of
murine (25 replacements) and rat (24 replacements) TTR (Fig.
2C). This is made possible by the conservation of native 3-pair-
ings in the native structures of different TTR proteins (33). AE,
was defined as the change in the lowest energy score found
among all B-pairings which are obtained when the whole 127
residue sequence is slid along itself. PASTA predicts that both
murine and rat TTRs sequences exhibit some intrinsic propen-
sity to aggregate into [B-structure, but quite lower than for
human TTR (AE, = +3.57 for both murine and rat TTRs, Table
3), and remarkably predicts also that the stability of the native
B-structure is maintained (AE,,, = +0.04, Table 3) for murine
TTR, and even slightly increased (AE,,, = —0.57, Table 3) for
rat TTR. Notably, PASTA predictions are consistent with the
low amount of fibril formation displayed by the murine TTR
variant engineered to remain monomeric (the two mutations
engineered for that purpose do not affect AE;). The prediction
of tetramer stabilization is out of the reach of our analysis,
because it is not due to B-structure formation. Our results
instead reveal that sequence changes are concerted to maintain

FIGURE 2. A, correlation of changes AE, ., in native B-stability (y axis) and AE, in the B-aggregation propensity (x axis) relative to wild-type TTR for the 65
amyloidogenic TTR variants whose mutated residue is part of a -strand in the native structure (blue circles) (9). The (x,y) axes are shown as dashed lines to
emphasize that virtually no mutation is present in the lower right quadrant where both effects (AE, ., < 0 and AE, > 0) would cause a decrease in the
amyloidogenicity of the TTR variant. Because the considered mutations are indeed amyloidogenic, this further validates our theoretical approach. The red
(gold) circle shows the values of AE,,, and AE, found by comparing murine (rat) and human TTR. The green and magenta circles refer to the two protective
mutations T119M and R104H, respectively. B, changes AE, .. in the native B-stabilities (light blue) and AE, in the B-aggregation propensities (red), relative to
wild-type TTR, are shown for all the 97 amyloidogenic TTR variants considered in Ref. 9 as a function of the index of the residue involved in the mutation. The
variant corresponding to the deletion of Val-122 was not considered in the whole analysis. C, multiple amino acid sequence alignment of human, murine
(GenBank™ NP_038725) and rat (NP_036813) TTR. Identical and chemically similar residues in the three sequences are shaded in red and denoted by red
characters, respectively (similarity groups are: HKR, DE, STNQ, AVLIM, FYW, PG, C). Numbering and secondary structure elements are based on the structure of

human TTR (PDB: 1F41).
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the same stability of the native B-structure for the three
sequences. The inclusion of inter-subunit B-pairings within the
dimer in computing AE,_, is essential for this result. It should
be noted, however, that 8 out of 9 residues replaced in native
B-strands are chemically similar in human and either murine or
rat TTR. Tetramer stabilization protecting murine TTR against
amyloid formation would then be caused by other sequence
changes not affecting the native 3-structure. The significance
of the values of AE; and AE,_,, found for murine and rat TTRs
can be appreciated when plotted together with the correspond-
ing values found for single variants of human TTR (Fig. 2A4).

Atomic coordinates and structure factors have been
deposited at the Protein Data Bank (http://www.rcsb.org) for
immediate release: PDB ID codes 3DJR (L58H, pH 7.5), 3DJS
(L58H, pH 4.6), 3DJT (V30M, pH 4.6), 3DJZ (L55P, pH 7.5),
3DKO (L55P, pH 4.6), 3DK2 (Y114H, pH 4.6), and 3DO4
(T60A, pH 4.6).

Concluding Remarks—Based on the evidence presented here,
it can be inferred that human TTR represents a case in which
the main effect of the amyloidogenic replacement of an amino
acid residue is not that of further promoting the intrinsic pro-
pensity to B-structure formation, which is already quite high for
the wild-type sequence. Rather, the main effect of amyloido-
genic mutations is consistent with the known destabilization of
the tertiary and/or quaternary structure of TTR. In this respect,
quite significant is the case of mutations that involve residues
placed in B-strands within the native structure, such as V30M
and L55P, for which the intrinsic B-aggregation propensity is
even reduced as compared with wild-type TTR. Also, the
results of the x-ray analysis of amyloidogenic TTR variants have
revealed limited but significant conformational changes, which
may be accentuated by partially denaturing conditions. The
present study provides further support to the therapeutic strat-
egy based on the use of drugs consisting of TTR ligands able to
bind to the TTR tetramer and to stabilize it to prevent or reduce
amyloid aggregation (65).
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