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ABSTRACT: Transthyretin (TTR) is a tetrameric protein associated with amyloidosis caused by tetramer
dissociation andmonomermisfolding. The structure of twoTTRvariants (E54G andE54K)withGlu54 point
mutation that cause clinically aggressive amyloidosis remains unclear, although amyloidogenicity of artificial
triple mutations (residues 53-55) in β-strand D had been investigated. Here we first analyzed the crystal
structures and biochemical and biophysical properties of E54G and E54K TTRs. The direction of the Lys15
side chain in E54K TTR and the surface electrostatic potential in the edge region in both variants were
different from those of wild-type TTR. The presence of Lys54 leads to destabilization of tetramer structure
due to enhanced electrostatic repulsion between Lys15 of two monomers. Consistent with structural data, the
biochemical analyses demonstrated that E54G and E54K TTRs were more unstable than wild-type TTR.
Furthermore, the entrance of the thyroxine (T4) binding pocket in TTRwasmarkedly narrower in E54KTTR
and wider in E54G TTR compared with wild-type TTR. The tetramer stabilization and amyloid fibril
formation assays in the presence of T4 showed lower tetramer stability andmore fibril formation in E54K and
E54G TTRs than in wild-type TTR, suggesting decreased T4 binding to the TTR variants. These findings
indicate that structural modification by Glu54 point mutation may sufficiently alter tetramer stability and
T4 binding.

Familial amyloid polyneuropathy (FAP) is a hereditary neuro-
degenerative disease caused by a point mutation in the human
plasma protein transthyretin (TTR)1 (1, 2). TTR generated in the
liver and choroid plexus is one of the three proteins in the
extracellular fluid responsible for the distribution of thyroxine
(T4) (3-5). TTR forms a 55-kDa homotetramer composed of
four identical 14-kDa monomers with 127 amino acid residues.
TTR monomer is composed of eight β-strands, A through H,
which form two four-strand (inner sheet DAGH and outer sheet
CBEF) antiparallel β-sheets and a short R-helix. Two monomers

form a dimer via a network of hydrogen bond interactions
involving the two edge β-strands, H and F, and two dimers form
a tetramer through hydrophobic and hydrogen bond interactions
ofABandGH loops between two dimers (6-11). The tetramer of
TTR has two T4 binding pockets, which are involved in tetramer
stability by binding with T4 between two dimers (12-14).

Extensive biochemical and biophysical studies support the
model that amyloid formation results from destabilization of the
tetrameric quaternary structure of TTR, probably leading to
the formation of an alternatively folded monomeric amyloido-
genic intermediate, which may constitute the building block of
amyloid (15). Therefore, small structural perturbation caused by
point mutation possibly destabilizes the native quaternary and
tertiary structures, enhancing amyloid fibril formation. More
than 80 different pointmutations are known tobe associatedwith
FAP, and amyloidogenicity of TTR variants differs with position
of mutation. β-Strand D that is composed of Gly53, Glu54, and
Leu55 is predicted to be a mutational hot spot (16). The artificial
multiple mutations and deletions in β-strand D result in sig-
nificant destabilization of the TTR fold and enhance amyloid
fibril formation, corroborating the involvement of this region in
the formation of the TTR amyloidogenic intermediate (16).
Moreover, L55P TTR, a naturally occurring mutation, shows
early onset, the most aggressive phenotype of FAP, and low
kinetic and thermodynamic stabilities (17). X-ray crystallo-
graphic and NMR studies of L55P TTR demonstrated that the
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structure of β-strandD is highly disordered because the hydrogen
bond interaction between β-strands A and D is disrupted in this
variant (7, 18, 19). Although the importance of β-strand D or
Leu55 residue in amyloidogenesis is well studied, the role of
Glu54 in TTR amyloidogenesis is less known. Considering that
the mutation of the Glu54 residue is known to cause a clinically
aggressive form of FAP (20-23), the Glu54 residue may play an
important role in TTR protein stability.

It is now accepted that tetramer dissociation into monomer is
the rate-limiting step for amyloid fibril formation (24). Therefore,
small molecules that can bind to the T4 binding pocket and
stabilize the TTR tetramer have been developed as amyloid fibril
inhibitors (13, 14, 25). Structural analysis of the TTR-T4

complex revealed that T4 binding to TTR creates a new hydrogen
bond network that results in stabilizing the tetramer conforma-
tion and that some hydrophobic and hydrophilic residues are
involved in T4 binding to TTR (12, 26). In particular, Glu54 and
Lys15 residues, which provide polar interactions between alanyl
moieties of T4, have been suggested to be important for T4

binding to TTR (12, 27). However, there is yet no direct evidence
about the role of Glu54 in T4 binding using Glu54 TTR variants.
Recently, we demonstrated using a cell culture system that the
Glu54 TTR variant, E54K TTR, is not stabilized by T4, unlike
the wild-type TTR, V30M TTR, or L55P TTR (28). Because
Glu54 is located at the entrance of T4 binding pocket, we
speculate that Glu54 is one of the crucial residues in stabilizing
the quaternary structure of TTRby smallmolecules that can bind
to the T4 binding pocket.

In this study, we investigated in detail the role of the Glu54
residue in TTR tetramer stability and T4 binding in structural,
biochemical, and biophysical viewpoints using two Glu54 TTR
variants, Glu54Gly (E54G) and Glu54Lys (E54K) TTRs, which
have been reported to display aggressive phenotypes of
FAP (20-23). The crystal structures of E54K and E54G TTRs
revealed that the environment structure around β-strand D was
altered. The direction of Lys15 side chain in E54K TTR and the
surface electrostatic potential in the edge region in both variants
were different from wild-type TTR. These structural changes
enhanced the electrostatic repulsion between Lys15 of two
monomers. Furthermore, the structure of the entrance of the
T4 binding pocket was markedly narrower in E54K and wider in
E54G TTR compared with that of wild-type TTR due to the
length of their side chains that consequently interfered with the
action of T4. Consistent with structural data, E54K TTR and, to
a lesser extent, E54GTTRare resistant to the tetramer stabilizing
effect of T4 compared with wild-type TTR. These results suggest
that the Glu54 residue plays important roles in tetramer stability
by affecting surface electrostatic potential and in T4 binding by
affecting the T4 binding pocket.

EXPERIMENTAL PROCEDURES

Expression and Purification of TTR in Escherichia coli.
Expression plasmids for E54G TTR and E54K TTR were
prepared using the QuickChange II XL site-directed mutagenesis
kit from Stratagene (La Jolla, CA) with wild-type TTR as
template. Human E54G TTR and E54K TTR were subcloned
into the NdeI and SalI sites of pET-22b (þ) vector (Novagen),
and the sequences of the insertedDNA segments were verified by
DNA sequencing. E54G TTR and E54K TTR were expressed in
E. coli BL21(DE3) using the pET-22b (þ) system. When the
OD600 of the E. coli cell culture reached approximately 0.6,

protein expression was induced by the addition of isopropyl
β-D-thiogalactopyranoside (IPTG) at a final concentration of
1mM.Twenty-four hours after induction, cells were harvested by
centrifugation. The cell pellets were resuspended in 20 mM
phosphate (pH 7.0). After cell lysis by sonication, E54G TTR
and E54K TTR were detected in the soluble fraction. Protein
purification was performed by anion-exchange chromatography
and reverse-phase high-performance liquid chromatography.
Circular Dichroism Spectra Measurement. Circular di-

chroism (CD) spectra weremeasured using a Jasco J-805 spectro-
polarimeter (Japan Spectroscopic Co., Ltd., Tokyo, Japan). The
temperature of the measuring cell was maintained at 25 �C by
circulating water. Quartz cuvettes with path lengths of 1 and
10 mm were used for the far- and near-UV CD measurements,
respectively. The buffer solution contained 50 mM sodium
phosphate, 100 mM KCl, and 1 mM ethylenediaminetetraacetic
acid (EDTA) (pH 7.0). Protein concentrations of the samples for
the CD spectra were 17-40 μM as determined by measuring the
absorbance at 280 nm using an extinction coefficient (ε280) of
18450 M-1 cm-1. Samples for the urea-induced unfolding were
prepared as described previously (29). Before CD measurements
were performed, samples of wild-type TTR, E54G TTR, and
E54K TTR were incubated in 0-8M urea at 25 �C for 96 h. The
protein concentrations of the samples for the urea-induced
unfolding were 29-31 μM.
Acid-Induced Tetramer-to-Monomer Transition Assay.

The fractions of tetramers and monomers were monitored by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described previously (28). Before applying
them onto the SDS-PAGE gel, protein solutions (0.2 mg/mL)
in 100 mM phosphate or 200 mM acetate buffer containing
100 mMKCl at pH 3.5-7.0 were incubated at 4 �C for 40 h. The
protein solutions (10 μL) were mixed with 5 μL of gel-loading
buffer containing 0.1% SDS and 13% glycerol. Nonboiled
samples were loaded on a 15% SDS-acrylamide gel. Protein
bands were visualized by Coomassie brilliant blue R-250. Frac-
tions of monomers, dimers, and tetramers were quantified by
densitometry using the program SCION IMAGE (Scion Corp.,
Frederick, MD)
Crystallization, Data Collection, and Structure Deter-

mination. Crystals suitable for X-ray diffraction were obtained
by the sitting-drop vapor-diffusion method at 20 �C. Crystals
were grown within 10 days by mixing 2 μL of the TTR with 2 μL
of reservoir solution containing 200 mM citrate buffer and 3 M
ammonium sulfate (pH 5.3). Crystals were transferred to reser-
voir solutions containing 30% (v/v) glycerol and frozen in liquid
nitrogen. The X-ray diffraction data were collected at beamline
BL17A (WT), BL5A (E54G), and NW12 (E54K) of Photon
Factory. Diffraction data were processed and scaled with the
HKL2000 program suite (16). All structures obtained by mole-
cular replacement starting from the available high-resolution
crystal structures of human TTR (PDB accession code
1BMZ (30)) were refined using the programs CNS (31) and
COOT (32). To follow the progress of refinement, the Rfree value
was monitored from the beginning, with 5% of the reflections
included in the test set. At the final stage refinements were
performed with REFMAC (33) using the translation, libration,
screw-rotation (TLS) method. All figures for the structures were
drawn using PyMol (http://pymol.sourceforge.net). The surface
electrostatic potential of TTRs was drawn using ccp4mg (34).
The data collection and refinement statistics are summarized in
Table 1.
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TTR Stabilization Assay. The TTR stabilization assay was
performed as described previously (28). Briefly, Chinese hamster
ovary (CHO-K1) cells grown on six-well plates in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serumwere transfectedwith 2 μg of pEF-BOSDNAencoding the
wild-type or mutated TTR using TransIT-LT-1 (Mirus Corp.,
Madison, WI). When cells were confluent (90-100%), the
medium was changed to serum-free medium, and cells were
incubated for another 24 h; then medium was collected for
analysis. To examine the effect of T4 on TTR stabilization,
serum-free medium containing 1 μM T4 was added to the cells.
TTR was assayed by Western blotting using the polyclonal
anti-human TTR antibody (prealbumin; FL-147; Santa Cruz
Biotechnologies, Santa Cruz, CA). Quantification of TTR
was accomplished using Image Gauge software (version 4.23;
Fujifilm, Japan). The T4 treatment experiment was performed in
triplicate.
Thioflavin T Binding Assay. Wild-type, E54G, and E54K

TTRs were incubated with 1 μM T4 at 37 �C for 3 h in 10 mM
phosphate buffer (pH 7.0). After incubation, all samples were
mixed with 200 mM acetate buffer (pH 4.1) and incubated at
37 �C for 72 h. TTR samples were prepared to a final concentra-
tion of 0.2 mg/mL. Thioflavin T binding assays were performed
on 2.5 μg/mL TTR samples by adding freshly prepared 10 μM
thioflavin T to 50 mM glycine buffer (pH 9.0). Fluorescence
emission spectra were obtained with excitation and emission
wavelengths of 450 and 482 nm, respectively. Fluorescence
measurements were performed with a F-4500 Hitachi spectro-
fluorometer (Hitachi, Tokyo, Japan).
Incubation of TTRs with Chloride. TTR samples (0.2 mg/

mL) were incubated with various concentrations of KCl (0-1.5
M) in acidic solution adjusted with 10 mM phosphate (pH 7.0)
and 200mMacetate (pH4.1) buffer containing 1mMEDTAand
100 mM KCl (final pH 4.4) at 37 �C for 72 h. Amyloid fibril
formation was investigated by thioflavin T binding assay.

TTR samples (0.2 mg/mL) were incubated with 1.5 M KCl in
10mMphosphate (pH 7.0)/1mMEDTA/1mMDTT containing
6 M urea at 4 �C for 96 h. After incubation, 5 μg of protein was
chemically linked with glutaraldehyde as shown previously (35)
and subjected to SDS-PAGE. Protein bands were visualized by
Coomassie brilliant blue R-250 staining.

RESULTS

Tetramer Formation ofWild-Type TTR and Glu54 TTR
Variants.We first examined the quaternary structural stabilities
of Glu54 TTR variants. The quaternary structural stability of
TTR was determined by the acid-induced tetramer-to-monomer
transition assay. In acidic condition, tetramer easily dissociates to
monomer. It is widely known that this method can reveal the
stability of the tetramer (36). Before we performed SDS-PAGE,
recombinant TTRswere incubated in phosphate or acetate buffer
(pH 3.5-7.0) at 4 �C for 40 h. The fraction of tetramers and
monomers at various pHs (pH 3.5-7.0) was calculated as
described previously (15). The fraction of monomer in the
wild-type TTR sample was mostly observed below pH 5.5
(Figure 1A, black squares). As pH increased, the wild-type
TTR monomer fraction decreased, with a concomitant increase
of tetramer (Figure 1A,B, black squares). E54G TTR showed
relatively similar fractions of monomer and tetramer compared
with wild-type TTR at pH 3.5-5.5 (Figure 1A,B, green squares),
but at pH 6.0-7.0, the monomer fraction of E54G TTR was
slightly more than that of wild-type TTR (Figure 1A, green
squares), whereas its tetramer fraction was less compared with
that ofwild-type TTR (Figure 1B, green squares).At pH5.5-7.0,
the amount of monomer in the E54K TTR sample was remark-
ably higher than that of wild-type TTR (Figure 1A, magenta
squares). Consistently, the E54K tetramer fraction at this pH
range was less than that of wild-type TTR (Figure 1B, magenta
squares), indicating that the tetramer stability of E54K TTR was
lower than wild-type TTR.

Table 1: Structural Data and Refinement Statistics of Wild-Type TTR and Glu54 TTR Variants

WT TTR E54G TTR E54K TTR

data collection

space group P21212 P21212 P21212

cell dimensions

a, b, c (Å) 85.840, 43.084, 64.290 85.671, 41.617, 63.239 86.203, 42.466, 64.012

R, β, γ (deg) 90, 90, 90 90, 90, 90 90, 90, 90

resolution range used in scaling

(highest resolution shell)

50-2.0 (2.07-2.0) 50-1.70 (1.76-1.70) 50-1.99 (2.06-1.99)

no. of observations 110563 (10857) 175619 (12483) 116844 (11508)

no. of unique reflections 16752 (1645) 24735 (2190) 16692 (1644)

completeness (%) 99.9 (100) 97.0(87.1) 99.6 (100)

I/σ(I) 36.2 (8.53) 52.3 (6.5) 45.6 (11.1)

Rmerge (%)a 9.5 (33.6) 4.3 (21.9) 6.4 (21.0)

refinement

resolution range used in refinement (Å) 33.0-2.0 31.6-1.7 35.8-1.99

no. of reflections in working set 15872 23436 15800

no. of reflections in test set 846 1265 842

atoms 1947 1981 1951

R-factor for working set (%)b 16.8 20.0 17.2

Rfree for test set (%)c 22.9 23.8 22.3

rmsd bond length (Å) 0.026 0.022 0.024

rmsd bond angles (deg) 2.068 2.041 2.158

mean B value (Å2) 17.559 23.960 27.415

residue range (A, B) 10-125, 10-124 10-125, 10-124 10-125, 10-124

aRmerge=
P

h

P
i|Iih- ÆIhæ|/

P
h

P
i|ÆIhæ|, where ÆIhæ is themean intensity of the i observations over all reflections h. bR-factor=

P
||Fo|- |Fc||/

P
|Fo|, where |

Fo| and |Fc| are the observed and calculated structure factor amplitudes, respectively. cRfree= as forR-factor but calculated for a test set comprising reflections
not used in refinement.
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We next investigated the stability of TTRs by urea-induced
denaturation assay (15). The apparent fractional extent of
unfolding was calculated from values of the CD at 215 nm.
The decrease of the CD ellipticity at 215 nm reflects the
disruption of secondary structure by urea. The midpoints (Cm)
of the urea-induced unfolding curves were obtained after incuba-
tion with various concentrations of urea in 50 mM sodium
phosphate, 100 mM KCl, and 1 mM ethylenediaminetetraacetic
acid (EDTA) (pH 7.0) at 25 �C for 96 h as described pre-
viously (28). The order of relative stability was wild-type TTR
(Cm = 3.54( 0.04) > E54G TTR (Cm = 3.05( 0.04) > E54K
TTR (Cm = 2.58( 0.06) (Figure 1C). These data also suggested
that Glu54 TTR variants have lower tetramer stability than
wild-type TTR.
The Crystal Structure of Glu54 TTR Variants. Because

the tetramer formation of Glu54 TTR variants showed obvious
difference from that of wild-type TTR in Figure 1, we analyzed
and compared the structures of these TTRs by performing X-ray
crystallographic studies of recombinant wild-type, E54G, and
E54K TTRs (Figure 2A). The crystals of these TTRs belong to
space group P21212, with two monomers in the asymmetric unit,
and diffracted to 2.00, 1.70, and 1.99 Å, respectively. The final
refined R values for wild-type, E54G, and E54K TTRs were
16.8%, 20.0%, and 17.2%, respectively (Table 1). The quality of
the structures and refinement statistics of wild-type TTR and
Glu54 TTR variants are shown in Table 1. Each TTR monomer
subunit is composed of 127 amino acids that could be consistently
modeled in bothmonomers, with the exception of the N-terminal
residues 1-9 and C-terminal residues 126 and 127, which are
highly disordered and lie in regions not defined in the electron
density maps as reported previously (8). The final model has
good geometry, with no residues in disallowed regions of the
Ramachandran plot calculated by PROCHECK from the ccp4
program suite (37). Each crystal contains one dimer, monomers
A and B, in the asymmetric unit (Supporting Information Figure
S1A); thus we constructed TTR tetramers using another dimer
along the 2-fold axis, symmetric monomers A0 and B0 (Figure 2A
and Supporting Information Figure S1B). There was no obvious
difference in the overall structure between wild-type and Glu54
TTR variants (Figure 2A). However, the position of residue 54
(shown in color) at the T4 binding pocket showed a change in the
distance between two residues 54 in the dimer-dimer interface

(Figure 2A). Moreover, the surface electrostatic potential of
residue 54 in Glu54 variants was different from the wild-type
TTR tetramer (Figure 2B) and dimer (Supporting Information
Figure S2). Comparison of the CR position of the monomers of
wild-type TTR and E54G TTR or E54K TTR showed no
differences around β-strand D (Supporting Information Figure
S3). The root mean square deviation (rmsd) of CR between wild-
type TTR and E54G TTR of mol A (mol B) is 0.355 Å (0.258 Å).
The rmsd ofCR betweenwild-typeTTRandE54KTTRofmolA
(mol B) is 0.225 Å (0.169 Å) (Supporting InformationFigure S3).
These results revealed that although the crystal structures of
Glu54 TTR variants have no significant overall structural
changes from wild-type TTR and other TTR variants (9, 38),
there are differences in the side chain and the surface electrostatic
potential around residue 54.
Surface Electrostatic Potential of Wild-Type TTR and

Glu54 TTR Variants. The surface electrostatic potential of
residue 54 of TTRs determined using the ccp4mg program
showed that Glu54 in wild-type, Gly54 in E54G, and Lys54 in
E54K TTRs have respectively electronegative, neutral, and
electropositive potential (Figure 2B). Consistently, the calculated
pKa values of Lys54 were significantly higher than that of wild-
type TTR (Supporting Information Table S1). Interestingly, the
pK1/2 of Glu54 in wild-type TTR was drastically shifted from its
intrinsic pKa (pKint), suggesting strong interactions ofGlu54 with
proximal titratable residues, such as Lys15 andHis56.A pKa shift
was not observed for Lys54 in E54K TTR (Supporting Informa-
tionTable S1). Previous studies have suggested that the positively
charged Lys15 locus on β-strand A impacts on tetramer stabi-
lity (35). The repulsion of positive charges between Lys15 of two
monomers (monomers A, B and monomers A0, B0) destabilizes
the tetrameric structure, and it was previously shown that the
substitution of Lys15 by Ala15 stabilizes the TTR tetramer (35).
In wild-type TTR, Glu54, which is electronegative, might be
important in stabilizing the edge region around β-strands A and
D (Supporting Information Figure S2) by modulating the
electropositivity of Lys15. To examine this hypothesis, we
investigated the edge region and observed that in wild-type
TTR the side chain of Glu54 forms a hydrogen bond with
Lys15 and His56 (Figure 3). This interaction might modulate
the positive charge of Lys15. In E54G TTR, the direction of
the Lys15 side chain shifts toward Gly54 in a manner similar to

FIGURE 1: Conformation of wild-type and Glu54 variant TTRs. (A, B) Acid-induced tetramer-to-monomer transitions of native recombinant
TTR samples; wild-type TTR (black), E54G TTR (green), and E54K TTR (magenta) are shown. The tetramer-to-monomer transitions were
monitored by SDS-PAGE, quantified by densitometry, and computed as follows: fractions of monomer ratio/total TTR (A) or fraction of
tetramer ratio/total TTR (B). (C) Urea-induced unfolding transition curves of wild-type TTR (black), E54G TTR (green), and E54K TTR
(magenta).Theunfolding transitionsweremonitored byCDellipticity at 215 nm.Using the ellipticity values at 215 nm,we calculated the apparent
fractional extent of unfolding, fapp, using the equation fapp = (Yobs- YN)/(YU- YN,) where YN and YU represent the baselines for the pre- and
posttransition zone, respectively, andYobs is the observed ellipticity of the protein. The samples were incubatedwith 0-8Murea at 25 �C for 96 h
before CD measurements.
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wild-type TTR (Figures 3 and Supporting Information Figure
S4). Instead of Glu54, the water molecule can mediate the
interaction between Ser52 and His56 in E54G TTR (Figure 3).
In E54K TTR, the positive charges of Lys15 and Lys54 accu-
mulated in the edge region (Figure 2B and Supporting Informa-
tion Figure S2), and the side chain of Lys15 shifts to a direction
different from that in wild-type and E54G TTRs. Furthermore,
the hydrogen bonds that Glu54 forms with Lys15 andwithHis56
in wild-type TTR are disrupted in E54K TTR (Figure 3). The
electron densitymap around the edge region inE54KTTRshows
that the shift in the direction of Lys15 is due to the van derWaals
interaction between the side chains of Lys15 and Lys54 (Figure
4). The distances between the side chains of Lys15 inmonomer A
and monomer A0 (monomer B and monomer B0) in wild-type,
E54G, and E54K TTRs are respectively 8.14 (8.73), 9.17 (10.19),
and 5.07 (5.92) Å. The shorter distance (in comparison with
wild-type) in E54K TTR might induce repulsion between the
positively charged Lys15 residues of two monomers.

We next investigated whether the instability of E54KTTRwas
in part due to the collective positive charges of Lys15 and Lys54.
Because it was previously demonstrated that chloride ion sup-
presses electrical repulsion in the side chain containing Lys15
and stabilizes the tetramer (35, 39), we incubated TTR samples
(0.2 mg/mL) with the indicated concentration of KCl at 37 �C
and pH 4.4 for 3 days. Amyloid fibril formation was determined
by thioflavin T binding assay. At 1 M KCl, amyloid fibril
formation was reduced in wild-type TTR (63.93 ( 1.63%) and
E54G TTR (70.79 ( 1.86%) but not in E54K TTR (91.35 (
5.70%) (Figure 5A). The decrease of fibril formation in E54K
TTR was observed only at 1.5 M KCl (Figure 5A). This is likely
because in E54K TTR Lys54 contributes to the positive charge
potential of Lys15; thus the effect of chloride on tetramer
stabilization occurred only at higher concentration ofKCl. These
results correlated with the decrease of monomer fraction and
increase of tetramer fraction after urea denaturation in the
presence of 1.5 M KCl as determined by SDS-PAGE analysis

FIGURE 2: Overall structure and surface electrostatic potential of TTR tetramers. (A) The structures of TTRs are drawn with cartoon style. The
amino acid residue at position54 is shownas blue (wild-typeTTR), green (E54GTTR), and red (E54KTTR) spheres. (B)The surface electrostatic
potentials of TTRs were calculated and drawn with ccp4mg. Positive and negative potentials are shown in blue and red ((10 kT/e), respectively.
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of glutaraldehyde cross-linked samples (Figure 5B). Taken
together, these findings suggested that the substitution of
Glu54 with Lys residue in E54K TTR impacts on the stability
of the tetramer due, in part, to the collective positive charges of
Lys15 and Lys54.
Structure of the T4 Binding Pocket in Glu54 TTR

Variants. The physiological function of TTR binding to T4

contributes to the stabilization of the TTR tetramer and the
inhibition of amyloid formation (13). Because the Glu54 residue
is located at the entrance of the T4 binding pocket (Figure 2A),

we postulated that themutation in this regionmight influence the
effect of T4 in Glu54 TTR variants. First, we compared the T4

binding pocket structure betweenwild-typeTTRandGlu54TTR
variants. The Glu54 mutations did not largely affect the inside
structure of the T4 binding pocket (data not shown). However,
the entrance of the T4 binding pocket was different among the
TTRs due to the different length of the amino acid side chain of
residue 54 (the distance between CR at residue 54 is almost similar
for wild-type TTRandGlu54TTRvariants) (Figure 6; residue 54
is shown in yellow.) In wild-type TTR, the distance between the

FIGURE 3: Structures of the edge region aroundβ-strandsAandDofTTR.β-StrandsAandDare shownas cartoonmodelswith carbonatoms in
gray (wild-type TTR), green (E54GTTR), andmagenta (E54KTTR).Nitrogen, oxygen, and sulfur are in blue, red, and yellow, respectively. Red
spheres show the water molecule. Hydrogen bonds are depicted as black dashed lines.

FIGURE 4: 2Fo- Fc electron densitymap showing the direction of Lys15 and the amino acid at position 54. 2Fo- Fc electron densitymap around
the edge region of wild-type TTR andGlu54 TTR variants. The 2Fo- Fc electron density map is colored purple and was countered at 0.8σ. TTR
amino acids at positions 15, 52, and 54 are drawn with lines. Nitrogen and oxygen are shown in blue and red, respectively.
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side chains of Glu54 in monomer A and monomer A0 (monomer
B and monomer B0) is 8.41 (8.53) Å. The distance between the
side chains of Gly54 in monomer A and monomer A0 (monomer
B and monomer B0) of E54G TTR is 16.58 (17.38) Å. The
distance between the side chains of Lys54 in monomer A and
monomer A0 (monomer B and monomer B0) of E54K TTR is
5.85 (6.21) Å (Figure 6). Therefore, Glu54 mutations generated
striking differences in the structure of the entrance of the

T4 binding pocket of Glu54 TTR variants compared with
wild-type TTR. The Lys54 mutation in E54K TTR caused the
formation of an entrance pocket structure that is smaller than
that of the wild-type TTR, and thismutationmight interfere with
the binding of T4 to E54K TTR.

Previous study also suggested that Glu54 is crucial for T4

binding (12). However, there is no direct evidence of T4 binding
using Glu54 TTR variants. To determine the affinity of T4 to

FIGURE 5: Comparison of tetramer stability and amyloid fibril formation in the presence of KCl. (A) TTR fibril formation assays at pH 4.4 with
various concentrations of KCl (0-1.5 M) were performed as described in Experimental Procedures. Fluorescence ratio (%) = 100(each
concentration of KCl/0 M KCl). Bars shown are representative of three independent experiments. Values represent the mean ( SE. Statistical
significance was calculated by the ANOVA (Tukey-Kramer) test (†, P< 0.1; *, P< 0.05; **, P< 0.01). (B) Wild-type TTR and Glu54 TTR
variants were incubated with 6 M urea for 96 h in the presence of 1.5 M KCl as described in Experimental Procedures. After incubation, TTR
samples were chemically cross-linked with glutaraldehyde and subjected to SDS-PAGE. TTR bands were stained with Coomassie brilliant blue
R-250.

FIGURE 6: Entrance structure of the T4 binding pocket. The T4 binding pocket structures of TTRs are shown with surface representation. Lower
panels show a close-up view of the entrance structure of the T4 binding pocket. TTR tetramer and amino acid 54 are in gray and yellow,
respectively. The number indicates the distance between amino acid 54 side chains of monomer A and monomer A0 (monomer B and monomer
B0).
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these TTRs, wemeasured the binding rates of T4 in wild-type and
Glu54 TTRvariants using automated surface plasmon resonance
(SPR) based biosensors Biacore 2000. The dissociation constants
(Kd) of Glu54 TTR variants did not significantly differ from that
of wild-type TTR (Supporting Information Table S2). However,
the rates of association and dissociation (Kon, Koff) of the Glu54
variants differed notably from wild-type TTR (Supporting
Information Table S2). E54G TTR had the highest T4 associa-
tion and dissociation rates while E54K TTR showed the lowest
T4 association and dissociation rates among the TTRs
(Supporting Information Table S2). These data suggested that
themutation of thheGlu54 residue inTTR influences the binding
and dissociation rates of T4.
Tetramer Stability and Amyloid Fibril Formation of

Glu54 TTR Variants in the Presence of T4. We next
investigated the tetramer stability in the presence of T4 using
the mammalian cell system that we previously developed to
monitor the effect of T4 on TTR stability (28). CHO-K1 cells
overexpressing the TTR constructs were treated with 1 μMT4 for
24 h, and the cell media were collected for analysis of the
expression of secreted TTRs. The addition of T4 suppressed the
monomer levels of wild-type TTR (12.18 ( 0.76%) in the media
as determined by the quantification of the TTR monomer ratio
under nonboiled, nonreduced condition (Figure 7A and Sup-
porting Information Figure S5). The monomer level of E54G
TTR (34.43 ( 4.34%) was slightly suppressed by T4 treatment
(Figure 7A and Supporting Information Figure S5). In contrast,
the monomer level of E54K TTR (92.18 ( 2.56%) was barely
suppressed in the presence of T4 and is significantly higher than
that of wild-type and E54G TTRs (Figure 7A and Supporting
Information Figure S5).

We also examined the TTR amyloid fibril formation in the
presence of T4. Recombinant wild-type, E54G, and E54K TTRs
were incubated at 37 �C for 3 h in 50 mM phosphate buffer
(pH7.0) with orwithout 1 μMT4. ThenTTR samples weremixed
with 200 mM acetate buffer (pH 4.1) and incubated for 72 h.
After incubation, production of amyloid fibril was detected by

thioflavin T binding assay. Figure 7B showed that the amyloid
fibril formation of wild-type TTRwas decreased (37.73( 1.69%)
in the presence of T4. In agreement with Figure 7A, amyloid
formation of Glu54 TTR variants was not effectively suppressed
by T4 treatment compared with wild-type TTR. The fluorescence
of E54G and E54K TTRs was 67.81 ( 1.44% and 97.01 (
1.48%, respectively. In particular, the effect of T4 was not
observed in E54K TTR, indicating a lower affinity of T4 to
E54K TTR compared with wild-type TTR.

DISCUSSION

Extensive studies support the idea that different FAP-
associated point mutations lead to differential destabilization
of the native protein fold and the formation of amyloid fibrils.
Furthermore, it is known that the artificial multiple mutations
and deletions in β-strand D (residues Gly53, Glu54, and Leu55)
result in significant destabilization of the TTR fold and enhance
amyloid fibril formation (16). However, the role of naturally
occurring single replacement of Glu54 in TTR for tetramer
stability, amyloidogenicity, and T4 binding is less investigated
in detail. In this study, we first provided structural insight into the
role of Glu54 using two Glu54 TTR variants that are known to
cause a clinically aggressive form of FAP. The crystal structures
of Glu54 TTR variants are almost identical to wild-type TTR as
demonstrated by comparison of rmsd (Supporting Information
Figure S3). Moreover, there is no significant difference in
hydrogen bond between the main chain of β-strands A and D
in these structures. However, we found that side chain interac-
tions and surface electrostatic potential around residue 54
are significantly different between wild-type and Glu54 TTR
variants. The Glu54 residue in β-strand D forms the network of
hydrogen bonds between the side chain of Lys15-Glu54 and
Glu54-His56 in wild-type TTR (Figure 3). Because Lys15-
Glu54 interaction could modulate the positive charge of Lys15,
the electrostatic repulsion between Lys15 of two monomers
(monomer A and monomer A0) is mitigated, which consequently
prevents the dissociation of the tetramer. In E54K TTR, due to
the van der Waals interaction that exists between the side chains
of Lys15 andLys54, the Lys15 side chain cannot shift similarly as
the wild-type TTR (Figures 3 and 4). Moreover, the presence of
Lys54 results in the accumulation of positive charges in the edge
region as shown by our analysis of the surface electrostatic
potential (Figure 2B and Supporting Information Figure S2)
and by the chloride experiments (Figure 5A). Glu54-His56
interaction could also stabilize the β-bulge structure composed
of residues from Leu55 to Leu58 which is important to stabilize
the edge region and reduce amyloidogenesis (40). However, the
hydrogen bond between Glu54-His56 is disrupted in E54K
TTR, and this could destabilize the edge region of E54K TTR
(Figure 3). In the case of E54GTTR, the watermolecule localizes
and mediates the hydrogen bond interaction between Ser52 and
His56 (Figure 3). The side chain of Lys15 shifts toward amino
acid residue 54 similar to wild-type TTR, suggesting that the
absence of a bulky side chain at position 54 may induce a
“correct” shift of the Lys15 side chain (Figure 3). However, it
is possible that the directional shift of Lys15 in E54G TTR is
unstable due to the loss of the Glu54 residue (with its negative
charge). Because it has been reported that E54Gmutation causes
the aggressive form of FAP (23), we can speculate that in a
physiological environment, i.e., in vivo, E54G TTR tetramer
lacks stability. Whether only the Glu residue should occupy

FIGURE 7: Comparison of tetramer stability and amyloid fibril
formation of TTRs in the presence of T4. (A) Western blots of
secreted TTR monomer were quantified by densitometric scanning.
T4 1 μM/T4 0 μMmonomer ratio (%)=100(nonreduced, nonboiled
monomer at 1 μM T4)/(nonreduced, nonboiled monomer at 0 μM
T4). Bars shown are representative of three independent experiments.
Values represent the mean ( SE. Statistical significance was calcu-
lated by the ANOVA (Tukey-Kramer) test (**, P<0.01; ***, P<
0.001). (B) Variant TTRs were incubated for 3 h at 37 �C in 10 mM
phosphate buffer at pH 7.0 with or without 1 μM T4. Then the
solution containing TTR was mixed with an equivalent amount of
200 mM acetate buffer at pH 4.1 and incubated for 72 h at 37 �C.
Amyloid fibrils of TTR were detected by thioflavin T binding assay.
Fluorescence ratio (%) = 100(fluorescence at 1 μMT4/fluorescence
at 0 μM T4).
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position 54 so as to prevent aggressive FAP remains unclear, but
because naturally occurring Glu54 variant TTRs showed clini-
cally aggressive phenotypes, the Glu residue at position 54 is
thought to be crucial to prevent amyloidogenesis in vivo.

It has been suggested that the Glu54 residue is crucial for the
binding of T4 to TTR since TTR interacts with T4 through the
carboxylate group ofGlu54 (12). Our data showing a lower effect
of T4 onGlu54 TTR variants relative to wild-type TTR (Figure 7
and Supporting Information Figure S5) provide evidence on the
crucial role ofGlu54 in T4 binding.We observed that the levels of
tetramer stability and amyloid fibril formation of E54G TTR
were intermediate between those of wild-type and E54K TTRs
(Figure 7). This observation might be explained by the fact that
T4 can enter the binding pocket of E54G TTR and may bind to
the inner residues in the binding pocket such as Ala108, Ser117,
and Thr119 in E54GTTR, but since the rate of T4 dissociation in
E54G TTRwas faster than that of wild-type TTR, T4 binding to
E54G TTR may not be as efficient (Supporting Information
Table S2). In the case of E54K TTR, the substitution of the
Glu54 residue by Lys creates interference in T4 binding at
the entrance of the binding pocket due to the shorter distance
(5.85 Å) between the side chains of Lys54 (in monomer A and
monomer A0) compared with that of Glu54 (8.41 Å) in wild-type
TTR (Figure 6).

On the basis of our data, we conclude that Glu54 in TTR is
important for tetramer stability and it influences T4 binding to
TTR. Small molecules have been evaluated for their potential as
amyloid fibril inhibitors (41). Our study here provides informa-
tion on the significance of the T4 binding pocket structure in
considering the design of small molecules that bind to the T4

binding pocket of TTR variants. For some TTR variants that
possess mutations capable of compromising the structure around
the binding pocket, such as Glu54 TTR variants, small molecules
may have to be especially designed to ensure high-affinity
binding.

SUPPORTING INFORMATION AVAILABLE

A figure illustrating the structure of TTR tetramer and dimer,
a figure showing the surface electrostatic potentials of TTR
dimers, figures illustrating the superimposition of TTR mono-
mers and of the edge region of TTRs (wild type and Glu54
variants), a figure showing the dose-dependent effect of T4 on the
level of TTR monomers in the culture media, a table containing
the computed pKa values of the TTRs, and a table containing the
kinetic constants of T4 binding to TTRs. This material is
available free of charge via the Internet at http://pubs.acs.org.
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