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TABLE 1. Transthyretin Amyloidoses

Predominant
Mutation Codon change clinical features Origin Reference

Cys10Arg TGT CGT PN, AN, Eye Hungary Uemichi et al. [1992]
Leu 12Pro CTG CCG LM, PN, AN UK Brett et al. [1999]
Asp18Glu GAT GAG PN, AN Columbia Booth et al. [1996]
Asp18Gly GAT GGT LM Hungary Vidal et al. [1996]
Val20Ile GTC ATC Heart Germany Jenne et al. [1996]
Ser23Asn AGT AAT Heart Portugal Connors et al. [1999]
Pro24Ser CCT TCT Heart, CTS, PN USA Uemichi et al. [1995]
Val28Met GTG ATG PN, AN Portugal Carvalho et al. [2000]
Val30Met GTG ATG PN, AN, Eye Several Several
Val30Ala GTG GCG Heart, AN Germany Jones et al. [1992]
Val30Leu GTG CTG PN, AN Japan Nakazato et al. [1992]
Val30Gly GTG GGG LM, Eye France Petersen et al. [1997]
Phe33Ile TTC ATC PN, Eye Poland Nakazato et al. [1984]
Phe33Leu TTC CTC PN, AN Poland Li et al. [1991]
Phe33Val TTC GTC PN, AN UK Booth et al. [1996]
Arg34Thr AGA ACA PN, Heart Italy Patrosso et al. [1998]
Lys35Asn AAG AAC PN, AN, Heart France Reilly et al. [1995]
Ala36Pro GCT CCT PN, Eye Greece Jones et al. [1991]
Asp38Ala GAT GCT PN, Heart Japan Kishikawa et al. [1999]
Glu42Gly GAG GGG PN, AN Japan Ueno et al. [1990]
Glu42Asp GAG GAT Heart France Dupuy et al. [1998]
Phe44Ser TTT TCT PN, AN, Heart Ireland Klein et al. [1998]
Ala 45Asp GCC GAC Heart Italy Jacobson et al. [1993]
Ala45Ser GCC UCC Heart Sweden Janunger et al. [2000]
Ala45Thr GCC ACC Heart Italy Saraiva et al. [1992]
Gly47Arg GGG CGG PN, AN Japan Murakami et al. [1992]
Gly47Ala GGG GCG Heart, PN, AN Italy Ferlini et al. [1994]
Gly47Val GGG GTG PN, AN, Heart Sri Lanka Booth et al. [1993]
Gly47Glu GGG GAG PN Germany Altland [1999]
Thr49Ala ACC GCC Heart, PN Italy Almeida et al. [1992]
Thr49Ile ACC ATC PN, Heart Japan Nakamura et al. [1999]
Ser50Arg AGT AGG PN, AN Japan Ueno et al. [1990]
Ser50Ile AGT ATT Heart, PN, AN Japan Saeki et al. [1992]
Glu51Gly GAG GGG Heart USA Jacobson et al. [1999]
Ser52Pro TCT CCT PN, AN, Heart UK Booth et al. [1993]
Gly53Glu GGA GAA LM, Heart France Camou et al. [1999]
Glu54Gly GAG GGG PN, AN UK Reilly et al. [1995]
Glu54Lys GAG GAA PN, AN, Heart Japan Togashi et al. [1999]
Leu55Arg CTG CGG LM, PN Germany Altland [1999]
Leu55Pro CTG CCG PN, Heart, AN Taiwan Jacobson et al. [1992]
His56Arg CAT CGT Heart USA Jacobson et al. [1999]
Leu58His CTC CAC CTS, Heart Germany Nichols et al. [1989]
Leu58Arg CTC CGC CTS, AN, Eye Japan Saeki et al. [1991]
Thr59Lys ACA AAA Heart, PN Italy Booth et al. [1995]
Thr60Ala ACT GCT Heart, CTS Ireland Wallace et al. [1986]
Glu61Lys GAG AAG PN Japan Shiomi et al. [1993]
Phe64Leu TTT CTT PN, CTS, Heart Italy Li et at. [1991]
Phe64Ser TTT TCT LM, PN, Eye Italy Uemichi et al. [1999]
Ile68Leu ATA TTA Heart Germany Almeida et al. [1991]
Tyr69His TAC CAC Eye Scotland Zeldenrust et al. [1994]
Lys70Asn AAA AAC CTS, PN, Eye Germany Izumoto et al. [1992]
Val71Ala GTG GCG PN, Eye Spain Almeida et al. [1993]
Ile73Val ATA GTA PN, AN Bangladesh Booth et al. [1998]
Ser77Phe TCT TTT PN France Planté-Bordeneuve et al. [1998]
Ser77Tyr TCT TAT PN Germany Wallace et al. [1998]
Ile84Ser ATC AGC Heart, CTS, Eye Switzerland Dwulet and Benson [1986]
Ile84Asn ATC AAC Eye, Heart Italy Skinner et al. [1992]
Ile84Thr ATC ACC Heart, PN, AN Germany Stangou et al. [1998]
Glu89Gln GAG CAG PN, Heart Italy Almeida et al. [1992]
Gku89Lys GAG AAG PN, Heart USA Nakamura et al. [2000]
Ala91Ser GCA TCA PN, CTS, Heart France Misrahi et al. [1998]
Ala97Gly GCC GGC Heart, PN Japan Yasuda et al. [1994]
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TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
Ile107Val ATT GTT Heart, CTS, PN Germany Jacobson [1994]
Ile107Met ATT ATG PN, Heart Germany Altand [1999]
Ala109Ser GCC TCC PN Japan Date et al. [1997]
Leu111Met CTG ATG Heart Denmark Nordlie et al. [1988]
Ser112Ile AGC ATC PN, Heart Italy De Lucia et al. [1993]
Tyr114Cys TAC TGC PN, AN, Eye Japan Ueno et al. [1990a]
Tyr114His TAC CAC CTS Japan Murakami et al. [1994]
Tyr116Ser TAT TCT PN, CTS France Misrahi et al. [1998]
Ala120Ser GCT TCT Heart, PN, AN Africa Gillmore et al. [1999]
Val122Ile GTC ATC Heart Africa Saraiva et al. [1990]
Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.

TABLE 1. (Continued).

Predominant
Mutation Codon change clinical features Origin Reference

TABLE 2. Non-amyloid TTR Mutations and Compound Heterozygotes

Mutation Codon change Frequencya Reference

Gly6Ser GGT AGT 33/558 Jacobson et al. [1995]
Met13Ile ATG ATC ND Altland [1999]
Asp74His GAC CAC ND Uemichi et al. [1994]
His90Asn CAT AAT 16/12,400 Saraiva et al. [1991]
Gly101Ser GGC AGC ND Kishikawa et al. [1998]
Pro102Arg CCC CGC 1/8,000 Almeida et al. [1991a]
Arg104Cys CGC TGC ND Saraiva et al. [1999]
Arg104His CGC CAC ND Terazaki et al. [1999]
Ala108Alab GCC GCT ND Palha et al. [1997]
Ala109Thr GCC ACC 1/10,000 Alves et al. [1997]
Ala109Val GCC GTC ND Izumoto et al. [1993]
Thr119Met ACG ATG 35/10,000 Alves et al. [1997]
Pro125Ser CCC TCC ND Ferlini et al. [1996]
Compound heterozygotes
Gly6Ser/Val30Met 7/160 Alves et al. [1996]
Gly6Ser Phe33Ilec ND Jacobson and Buxbaum [1994]
Gly6Ser/Ala45Asp ND Jacobson et al. [1993]
Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
Gly6Ser/Tyr114Cys ND Connors et al. [1999a]
Gly6Ser/Thr119Met ND Saraiva (personal communication)
Gly6Ser/Val122/Ala ND Theberge et al. [1999]
His90Asn/Val30Met ND Saraiva et al. [1991]
His90Asn Glu42Glyc ND Skare et al. [1994]
His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.

TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
Ile107Val ATT GTT Heart, CTS, PN Germany Jacobson [1994]
Ile107Met ATT ATG PN, Heart Germany Altand [1999]
Ala109Ser GCC TCC PN Japan Date et al. [1997]
Leu111Met CTG ATG Heart Denmark Nordlie et al. [1988]
Ser112Ile AGC ATC PN, Heart Italy De Lucia et al. [1993]
Tyr114Cys TAC TGC PN, AN, Eye Japan Ueno et al. [1990a]
Tyr114His TAC CAC CTS Japan Murakami et al. [1994]
Tyr116Ser TAT TCT PN, CTS France Misrahi et al. [1998]
Ala120Ser GCT TCT Heart, PN, AN Africa Gillmore et al. [1999]
Val122Ile GTC ATC Heart Africa Saraiva et al. [1990]
Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.
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Mutation Codon change clinical features Origin Reference

TABLE 2. Non-amyloid TTR Mutations and Compound Heterozygotes

Mutation Codon change Frequencya Reference

Gly6Ser GGT AGT 33/558 Jacobson et al. [1995]
Met13Ile ATG ATC ND Altland [1999]
Asp74His GAC CAC ND Uemichi et al. [1994]
His90Asn CAT AAT 16/12,400 Saraiva et al. [1991]
Gly101Ser GGC AGC ND Kishikawa et al. [1998]
Pro102Arg CCC CGC 1/8,000 Almeida et al. [1991a]
Arg104Cys CGC TGC ND Saraiva et al. [1999]
Arg104His CGC CAC ND Terazaki et al. [1999]
Ala108Alab GCC GCT ND Palha et al. [1997]
Ala109Thr GCC ACC 1/10,000 Alves et al. [1997]
Ala109Val GCC GTC ND Izumoto et al. [1993]
Thr119Met ACG ATG 35/10,000 Alves et al. [1997]
Pro125Ser CCC TCC ND Ferlini et al. [1996]
Compound heterozygotes
Gly6Ser/Val30Met 7/160 Alves et al. [1996]
Gly6Ser Phe33Ilec ND Jacobson and Buxbaum [1994]
Gly6Ser/Ala45Asp ND Jacobson et al. [1993]
Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
Gly6Ser/Tyr114Cys ND Connors et al. [1999a]
Gly6Ser/Thr119Met ND Saraiva (personal communication)
Gly6Ser/Val122/Ala ND Theberge et al. [1999]
His90Asn/Val30Met ND Saraiva et al. [1991]
His90Asn Glu42Glyc ND Skare et al. [1994]
His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.

TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
Ile107Val ATT GTT Heart, CTS, PN Germany Jacobson [1994]
Ile107Met ATT ATG PN, Heart Germany Altand [1999]
Ala109Ser GCC TCC PN Japan Date et al. [1997]
Leu111Met CTG ATG Heart Denmark Nordlie et al. [1988]
Ser112Ile AGC ATC PN, Heart Italy De Lucia et al. [1993]
Tyr114Cys TAC TGC PN, AN, Eye Japan Ueno et al. [1990a]
Tyr114His TAC CAC CTS Japan Murakami et al. [1994]
Tyr116Ser TAT TCT PN, CTS France Misrahi et al. [1998]
Ala120Ser GCT TCT Heart, PN, AN Africa Gillmore et al. [1999]
Val122Ile GTC ATC Heart Africa Saraiva et al. [1990]
Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.
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Gly6Ser GGT AGT 33/558 Jacobson et al. [1995]
Met13Ile ATG ATC ND Altland [1999]
Asp74His GAC CAC ND Uemichi et al. [1994]
His90Asn CAT AAT 16/12,400 Saraiva et al. [1991]
Gly101Ser GGC AGC ND Kishikawa et al. [1998]
Pro102Arg CCC CGC 1/8,000 Almeida et al. [1991a]
Arg104Cys CGC TGC ND Saraiva et al. [1999]
Arg104His CGC CAC ND Terazaki et al. [1999]
Ala108Alab GCC GCT ND Palha et al. [1997]
Ala109Thr GCC ACC 1/10,000 Alves et al. [1997]
Ala109Val GCC GTC ND Izumoto et al. [1993]
Thr119Met ACG ATG 35/10,000 Alves et al. [1997]
Pro125Ser CCC TCC ND Ferlini et al. [1996]
Compound heterozygotes
Gly6Ser/Val30Met 7/160 Alves et al. [1996]
Gly6Ser Phe33Ilec ND Jacobson and Buxbaum [1994]
Gly6Ser/Ala45Asp ND Jacobson et al. [1993]
Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
Gly6Ser/Tyr114Cys ND Connors et al. [1999a]
Gly6Ser/Thr119Met ND Saraiva (personal communication)
Gly6Ser/Val122/Ala ND Theberge et al. [1999]
His90Asn/Val30Met ND Saraiva et al. [1991]
His90Asn Glu42Glyc ND Skare et al. [1994]
His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.

TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
Ile107Val ATT GTT Heart, CTS, PN Germany Jacobson [1994]
Ile107Met ATT ATG PN, Heart Germany Altand [1999]
Ala109Ser GCC TCC PN Japan Date et al. [1997]
Leu111Met CTG ATG Heart Denmark Nordlie et al. [1988]
Ser112Ile AGC ATC PN, Heart Italy De Lucia et al. [1993]
Tyr114Cys TAC TGC PN, AN, Eye Japan Ueno et al. [1990a]
Tyr114His TAC CAC CTS Japan Murakami et al. [1994]
Tyr116Ser TAT TCT PN, CTS France Misrahi et al. [1998]
Ala120Ser GCT TCT Heart, PN, AN Africa Gillmore et al. [1999]
Val122Ile GTC ATC Heart Africa Saraiva et al. [1990]
Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.
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Ala108Alab GCC GCT ND Palha et al. [1997]
Ala109Thr GCC ACC 1/10,000 Alves et al. [1997]
Ala109Val GCC GTC ND Izumoto et al. [1993]
Thr119Met ACG ATG 35/10,000 Alves et al. [1997]
Pro125Ser CCC TCC ND Ferlini et al. [1996]
Compound heterozygotes
Gly6Ser/Val30Met 7/160 Alves et al. [1996]
Gly6Ser Phe33Ilec ND Jacobson and Buxbaum [1994]
Gly6Ser/Ala45Asp ND Jacobson et al. [1993]
Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
Gly6Ser/Tyr114Cys ND Connors et al. [1999a]
Gly6Ser/Thr119Met ND Saraiva (personal communication)
Gly6Ser/Val122/Ala ND Theberge et al. [1999]
His90Asn/Val30Met ND Saraiva et al. [1991]
His90Asn Glu42Glyc ND Skare et al. [1994]
His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.

TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
Ile107Val ATT GTT Heart, CTS, PN Germany Jacobson [1994]
Ile107Met ATT ATG PN, Heart Germany Altand [1999]
Ala109Ser GCC TCC PN Japan Date et al. [1997]
Leu111Met CTG ATG Heart Denmark Nordlie et al. [1988]
Ser112Ile AGC ATC PN, Heart Italy De Lucia et al. [1993]
Tyr114Cys TAC TGC PN, AN, Eye Japan Ueno et al. [1990a]
Tyr114His TAC CAC CTS Japan Murakami et al. [1994]
Tyr116Ser TAT TCT PN, CTS France Misrahi et al. [1998]
Ala120Ser GCT TCT Heart, PN, AN Africa Gillmore et al. [1999]
Val122Ile GTC ATC Heart Africa Saraiva et al. [1990]
Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.
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Gly6Ser GGT AGT 33/558 Jacobson et al. [1995]
Met13Ile ATG ATC ND Altland [1999]
Asp74His GAC CAC ND Uemichi et al. [1994]
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Ala108Alab GCC GCT ND Palha et al. [1997]
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Compound heterozygotes
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Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
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His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.

TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
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Ala120Ser GCT TCT Heart, PN, AN Africa Gillmore et al. [1999]
Val122Ile GTC ATC Heart Africa Saraiva et al. [1990]
Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.
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Gly6Ser GGT AGT 33/558 Jacobson et al. [1995]
Met13Ile ATG ATC ND Altland [1999]
Asp74His GAC CAC ND Uemichi et al. [1994]
His90Asn CAT AAT 16/12,400 Saraiva et al. [1991]
Gly101Ser GGC AGC ND Kishikawa et al. [1998]
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Arg104His CGC CAC ND Terazaki et al. [1999]
Ala108Alab GCC GCT ND Palha et al. [1997]
Ala109Thr GCC ACC 1/10,000 Alves et al. [1997]
Ala109Val GCC GTC ND Izumoto et al. [1993]
Thr119Met ACG ATG 35/10,000 Alves et al. [1997]
Pro125Ser CCC TCC ND Ferlini et al. [1996]
Compound heterozygotes
Gly6Ser/Val30Met 7/160 Alves et al. [1996]
Gly6Ser Phe33Ilec ND Jacobson and Buxbaum [1994]
Gly6Ser/Ala45Asp ND Jacobson et al. [1993]
Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
Gly6Ser/Tyr114Cys ND Connors et al. [1999a]
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His90Asn Glu42Glyc ND Skare et al. [1994]
His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.
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TTR migrates in front of albumin in native
conventional electrophoresis (this property led
to the initial designation as prealbumin), and has
allowed the screening and detection of muta-
tions in sera by two dimensional methodology
in which the fast migrating TTR band of the first

dimension is subjected to hybrid isoelectric fo-
cusing in extremely flattened immobilized pH
gradients designed for the study of folding–un-
folding [Altland et al., 1987]. Detection of
amyloidogenic TTR variants in serum of patients
with FAP is also possible through immunoassay
using specific monoclonal antibodies [Palha et

Ala97Ser GCC TCC PN, Heart France Lachmann et al. [2000]
Ile107Val ATT GTT Heart, CTS, PN Germany Jacobson [1994]
Ile107Met ATT ATG PN, Heart Germany Altand [1999]
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Val122del GTC Loss Heart, PN, CTS Equador/Spain Uemichi et al. [1995]

Munar Qués et al. [2000]
Val122Ala GTC GCC Heart, Eye, PN UK Theberge et al. [1999]

AN, autonomic neuropathy; CTS, carpal tunnel syndrome; Eye, vitreous deposition; PN, peripheral neuropathy; LM, leptom-
eningeal amyloid; Heart, cardiomyopathy.
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Pro102Arg CCC CGC 1/8,000 Almeida et al. [1991a]
Arg104Cys CGC TGC ND Saraiva et al. [1999]
Arg104His CGC CAC ND Terazaki et al. [1999]
Ala108Alab GCC GCT ND Palha et al. [1997]
Ala109Thr GCC ACC 1/10,000 Alves et al. [1997]
Ala109Val GCC GTC ND Izumoto et al. [1993]
Thr119Met ACG ATG 35/10,000 Alves et al. [1997]
Pro125Ser CCC TCC ND Ferlini et al. [1996]
Compound heterozygotes
Gly6Ser/Val30Met 7/160 Alves et al. [1996]
Gly6Ser Phe33Ilec ND Jacobson and Buxbaum [1994]
Gly6Ser/Ala45Asp ND Jacobson et al. [1993]
Gly6Ser/Ser77Tyr ND Planté-Bordeneuve et al. [1999]
Gly6Ser/Tyr114Cys ND Connors et al. [1999a]
Gly6Ser/Thr119Met ND Saraiva (personal communication)
Gly6Ser/Val122/Ala ND Theberge et al. [1999]
His90Asn/Val30Met ND Saraiva et al. [1991]
His90Asn Glu42Glyc ND Skare et al. [1994]
His90Asn/Thr119Met ND Alves et al. [1993]
Arg104His/Val30Met ND Terazaki et al. [1999]
Thr119Met/Val30Met ND Alves et al. [1996a]
aRefers to mutant allele frequency.
bSilent mutation.
cMutations on the same allele.

Table&A(2.&Non(amyloid&TTR&muta1ons&and&compound&heterozygotes&(Saraiva&2001)&&

Bellow,"all"the"results"from"the"analysis"of"the"different"inhibitors"(tables"and"adjustments)"by"
the"Kine;c"Turbidimetric"Assay"are"shown.""
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Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.006852 ± 0.0008045
1.208 ± 0.01875
176.3
-145.9

-0.008622 to -0.005081
1.167 to 1.249
143.8 to 231.3

0.8683
0.03964

72.53
1.000, 11.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.02171 ± 0.001431
1.328 ± 0.03216
61.14
-46.05

-0.02483 to -0.01859
1.258 to 1.398
55.37 to 68.74

0.9504
0.07432

230.2
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.002700 ± 0.001764
1.484 ± 0.03965
549.7
-370.3

-0.006545 to 0.001144
1.398 to 1.571
236.9 to +infinity

0.1633
0.09163

2.342
1.000, 12.00
0.1518
Not Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.006298 ± 0.001525
1.492 ± 0.03427
236.9
-158.8

-0.009621 to -0.002975
1.418 to 1.567
161.0 to 482.0

0.5870
0.07920

17.06
1.000, 12.00
0.0014
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.005158 ± 0.003371
1.378 ± 0.07568
267.2
-193.9

-0.01250 to 0.002186
1.213 to 1.543
120.1 to +infinity

0.1633
0.1749

2.342
1.000, 12.00
0.1519
Not Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.002086 ± 0.002371
1.357 ± 0.05331
650.7
-479.4

-0.007253 to 0.003081
1.241 to 1.473
199.4 to +infinity

0.06057
0.1232

0.7737
1.000, 12.00
0.3963
Not Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.009150 ± 0.005175
1.290 ± 0.1163
141.0
-109.3

-0.02043 to 0.002126
1.037 to 1.544
71.95 to +infinity

0.2067
0.2688

3.127
1.000, 12.00
0.1024
Not Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.003929 ± 0.0009241
1.381 ± 0.02077
351.5
-254.5

-0.005942 to -0.001915
1.336 to 1.426
238.2 to 702.6

0.6010
0.04799

18.08
1.000, 12.00
0.0011
Significant
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Inh 950
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.004040 ± 0.001869
1.425 ± 0.04197
352.7
-247.5

-0.008114 to 3.336e-005
1.333 to 1.516
184.2 to +infinity

0.2802
0.09700

4.671
1.000, 12.00
0.0516
Not Significant
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Inh 944
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.01638 ± 0.001497
1.410 ± 0.03365
86.08
-61.07

-0.01964 to -0.01311
1.336 to 1.483
74.44 to 103.4

0.9089
0.07776

119.7
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.003029 ± 0.0008625
1.256 ± 0.01997
414.5
-330.1

-0.004928 to -0.001131
1.212 to 1.300
261.7 to 1080

0.5286
0.04413

12.33
1.000, 11.00
0.0049
Significant
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2
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1

Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.008123 ± 0.0009351
1.321 ± 0.02103
162.6
-123.1

-0.01016 to -0.006086
1.275 to 1.366
133.3 to 211.2

0.8628
0.04860

75.46
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.006970 ± 0.001121
1.316 ± 0.02517
188.8
-143.5

-0.009413 to -0.004528
1.261 to 1.371
144.2 to 281.4

0.7632
0.05816

38.67
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.007951 ± 0.0005899
1.287 ± 0.01325
161.8
-125.8

-0.009236 to -0.006666
1.258 to 1.315
141.6 to 189.7

0.9380
0.03061

181.7
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.007826 ± 0.0006509
1.273 ± 0.01510
162.6
-127.8

-0.009259 to -0.006393
1.239 to 1.306
140.2 to 195.1

0.9293
0.03336

144.5
1.000, 11.00
< 0.0001
Significant

7
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1

Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.006257 ± 0.0007827
1.251 ± 0.01761
200.0
-159.8

-0.007962 to -0.004551
1.213 to 1.289
160.8 to 268.4

0.8419
0.04069

63.90
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.002987 ± 0.0008626
1.277 ± 0.01756
427.6
-334.8

-0.004976 to -0.0009979
1.237 to 1.318
262.5 to 1250

0.5998
0.03748

11.99
1.000, 8.000
0.0085
Significant
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4

Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.007340 ± 0.0008822
1.242 ± 0.02388
169.2
-136.2

-0.009262 to -0.005417
1.190 to 1.294
138.3 to 221.9

0.8522
0.05517

69.22
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.005885 ± 0.001050
1.332 ± 0.02897
226.4
-169.9

-0.008174 to -0.003596
1.269 to 1.395
168.8 to 357.0

0.7235
0.06694

31.39
1.000, 12.00
0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.009130 ± 0.0005358
1.303 ± 0.01449
142.8
-109.5

-0.01030 to -0.007962
1.272 to 1.335
128.9 to 160.7

0.9603
0.03348

290.3
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.009408 ± 0.001259
1.245 ± 0.01884
132.3
-106.3

-0.01215 to -0.006666
1.203 to 1.286
105.0 to 182.0

0.8232
0.04355

55.87
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.008193 ± 0.001318
1.279 ± 0.03054
156.2
-122.1

-0.01109 to -0.005293
1.212 to 1.347
119.9 to 231.9

0.7785
0.06749

38.66
1.000, 11.00
< 0.0001
Significant

7
2
13
1

Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.01042 ± 0.001072
1.231 ± 0.02408
118.2
-96.00

-0.01275 to -0.008079
1.178 to 1.283
99.54 to 147.5

0.8871
0.05565

94.33
1.000, 12.00
< 0.0001
Significant
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0

Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.01063 ± 0.0005986
1.262 ± 0.01976
118.7
-94.03

-0.01194 to -0.009330
1.219 to 1.305
108.3 to 131.9

0.9634
0.04566

315.7
1.000, 12.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.007006 ± 0.0004435
1.287 ± 0.01611
183.6
-142.7

-0.007982 to -0.006030
1.251 to 1.322
164.5 to 208.9

0.9578
0.03560

249.6
1.000, 11.00
< 0.0001
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.005657 ± 0.001462
1.426 ± 0.03284
252.2
-176.8

-0.008843 to -0.002470
1.355 to 1.498
167.4 to 554.9

0.5549
0.07587

14.96
1.000, 12.00
0.0022
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.01575 ± 0.001357
1.395 ± 0.03046
88.58
-63.49

-0.01871 to -0.01279
1.329 to 1.461
77.12 to 105.2

0.9183
0.07038

134.8
1.000, 12.00
< 0.0001
Significant

7
2
14
0

Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.01190 ± 0.002223
1.384 ± 0.04999
116.3
-84.07

-0.01674 to -0.007050
1.275 to 1.493
87.39 to 184.5

0.7046
0.1155

28.62
1.000, 12.00
0.0002
Significant
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Best-fit values
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
1/slope
95% Confidence Intervals
Slope
Y-intercept when X=0.0
X-intercept when Y=0.0
Goodness of Fit
R square
Sy.x
Is slope significantly non-zero?
F
DFn, DFd
P value
Deviation from zero?
Data
Number of X values
Maximum number of Y replicates
Total number of values
Number of missing values

-0.005113 ± 0.001305
1.415 ± 0.03024
276.8
-195.6

-0.007985 to -0.002241
1.349 to 1.482
183.6 to 608.2

0.5826
0.06682

15.36
1.000, 11.00
0.0024
Significant
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< 0.0001
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Table&A(3.&Summary&of&top(down&MS&characteriza1on&of&wild&type&&(wt)&and&V30M&TTR&Cys(10&PTM&isoforms&

PTM TTR Fragmentation Ion Observed m Theoretical m Δma ppm
Free Cys wt 983.94 13753.0116 13752.8800 - 9.57

ECD pScore pDEb # fragments  # c-ions # z-ions
0.991 6.61 2 0 2

CID pScore pDEb # fragments  # b-ions # y-ions
0.991 6.61 10 0 10

S-Sulfo wt 989.64 13832.8896 13832.8450 79.957 3.22
ECD pScore pDEb # fragments  # c-ions # z-ions

7.13E-04 97.50 3 0 3
CID pScore pDEb # fragments  # b-ions # y-ions

0.069 3.55 9 6 3
S-Cys wt 992.35 13871.9020 13871.8924 119 0.7

ECD pScore pDEb # fragments  # c-ions # z-ions
5.11E-11 73.20 12 5 7

CID pScore pDEb # fragments  # b-ions # y-ions
2.94E-19 72.60 25 17 8

S-CysGly wt 996.5 13928.8962 13928.9200 176.026 1.7
ECD pScore pDEb # fragments  # c-ions # z-ions

2.35E-34 39.40 97 53 44
CID pScore pDEb # fragments  # b-ions # y-ions

1.16E-05 50.50 19 15 4
S-GSH wt 1005.72 14057.1816 14057.9560 305.068 55c

ECD pScore pDEb # fragments  # c-ions # z-ions
1.29E-05 48.70 9 3 6

Free Cys V30M 986.22 13784.8913 13784.8603 - 2.25
CID pScore pDEb # fragments  # b-ions # y-ions

7.53E-01 4.41 6 1 5
S-Sulfo V30M 991.93 13863.9136 13864.8173 79.957 65.18d

CID pScore pDEb # fragments  # b-ions # y-ions
7.96E-01 3.62 4 0 4

S-Cys V30M 994.71 13903.4582 13903.8644 119.004 0.73
CID pScore pDEb # fragments  # b-ions # y-ions

1.77E-11 74.60 28 17 11
S-CysGly V30M 998.79 13961.9241 13960.8863 176.026 74.3c

CID pScore pDEb # fragments  # b-ions # y-ions
8.47E-05 16.70 11 3 8

S-GSH V30M 1008.07 14089.9257 14089.9283 305.068 0.18
CID pScore pDEb # fragments  # b-ions # y-ions

1.22E-04 35.10 7 5 2
a Mass difference compared to Free Cys form
b McLuckey score
c Isoform detected as a minor species. The monoisotopic mass could not be accurately measured due to bad ion statistics
d Deconvolution algorithm errors due to overlapping forms could account for the low  accuracy determination
 of the monoisotopic mass of this form
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
ECD Free Cys wt 983.94 13753.0116 13752.8800 - 9.57

pScore pDEb # fragments  # c-ions # z-ions
0.991 6.61 2 0 2

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Table&A(4.&Top(down&MS&iden1fica1on&of&Free&Cys&wt&TTR.&ECD&fragmenta1on&

141216_IPC18_MI984ECD5_av1000_XT_00001_M_ #1 RT: 1.00 AV: 1 NL: 3.80E1
T: FTMS + p NSI Full ms3 987.90@cid0.00 984.20@ecd5.00 [270.00-2000.00]
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Figure&A(1.&Top(down&deconvoluted&MS/MS&spectra&of&Free&Cys&wt&TTR.&ECD&fragmenta1on&
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID Free Cys wt 983.94 13753.0116 13752.8800 - 9.57

pScore pDEb # fragments  # b-ions # y-ions
0.991 6.61 10 0 10

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Table&A(5.&Top(down&MS&iden1fica1on&of&Free&Cys&wt&TTR.&CID&fragmenta1on&

141216_IPC18_MI984CID30_av1000_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 1.30E1
T: FTMS + p NSI Full ms3 987.90@cid0.00 984.20@cid30.00 [270.00-2000.00]
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Figure&A(2.&Top(down&deconvoluted&MS/MS&spectra&of&Free&Cys&wt&TTR.&CID&fragmenta1on&
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
ECD S-Sulfo wt 989.64 13832.8896 13832.8450 79.957 3.22

pScore pDEb # fragments  # c-ions # z-ions
7.13E-04 97.50 3 0 3

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Table&A(6.&Top(down&MS&iden1fica1on&of&S(Sulfo&wt&TTR.&ECD&fragmenta1on&

IPC375_MI989_iso4_ecd5_20_av210_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 8.50E1
T: FTMS + p NSI Full ms2 990.80@ecd5.00 [270.00-2000.00]
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Figure&A(3.&Top(down&deconvoluted&MS/MS&spectra&of&S(Sulfo&wt&TTR.&ECD&fragmenta1on&
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-Sulfo wt 989.64 13832.8896 13832.8450 79.957 3.22

pScore pDEb # fragments  # b-ions # y-ions
0.069 3.55 9 6 3

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Table&A(7.&Top(down&MS&iden1fica1on&of&S(Sulfo&wt&TTR.&CID&fragmenta1on&

Figure&A(4.&Top(down&deconvoluted&MS/MS&spectra&of&S(Sulfo&wt&TTR.&CID+SID&fragmenta1on&
IPC375_MSMS989_iso3_SID100_CID30_av175_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 8.30E1
T: FTMS + p NSI sid=100.00  Full ms2 990.80@cid30.00 [270.00-2000.00]
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* 

* The fragments reported in the table are combination of CID+SID  
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IPC375_MSMS989_iso3_CID30_av200_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 9.20E1
T: FTMS + p NSI Full ms2 990.80@cid30.00 [270.00-2000.00]
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Figure&A(5.&Top(down&deconvoluted&MS/MS&spectra&of&S(Sulfo&wt&TTR.&CID&fragmenta1on&
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Table&A(8.&Top(down&MS&iden1fica1on&of&S(Cys&wt&TTR.&ECD&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
ECD S-Cys wt 992.35 13871.9020 13871.8924 119.0004 0.7

pScore pDEb # fragments  # c-ions # z-ions
5.11E-11 73.20 12 5 7

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Figure&A(6.&Top(down&deconvoluted&MS/MS&spectra&of&S(Cys&wt&TTR.&ECD&fragmenta1on&

IPC18_ECD_996_WTCG__5_20_av752_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 4.78E2
T: FTMS + p NSI Full ms2 998.50@ecd5.00 [270.00-2000.00]
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Table&A(9.&Top(down&MS&iden1fica1on&of&S(Cys&wt&TTR.&CID&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-Cys wt 992.35 13871.9020 13871.8924 119.0004 0.7

pScore pDEb # fragments  # b-ions # y-ions
2.94E-19 72.60 25 17 8

a
 Mass difference compared to Free Cys form

b
 McLuckey score

IPC18_CID_996_WTCG_CE30_av392_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 3.71E2
T: FTMS + p NSI Full ms2 998.50@cid30.00 [270.00-2000.00]
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Figure&A(7.&Top(down&deconvoluted&MS/MS&spectra&of&S(Cys&wt&TTR.&CID&fragmenta1on&
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IPC18_CID_996_WTCG_CE30_av392_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.60E1
T: FTMS + p NSI Full ms2 998.50@cid30.00 [270.00-2000.00]
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Figure&A(8.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&2000–11000&Da)&of&S(Cys&wt&TTR.&CID&fragmenta1on&

IPC18_CID_996_WTCG_CE30_av392_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 3.71E2
T: FTMS + p NSI Full ms2 998.50@cid30.00 [270.00-2000.00]
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Figure&A(9.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&12000–14200&Da)&of&S(Cys&wt&TTR.&CID&fragmenta1on&
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
ECD S-CysGly wt 996.5 13928.8962 13928.9200 176.026 1.7

pScore pDEb # fragments  # c-ions # z-ions
2.35E-34 39.40 97 53 44

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Table&A(10.&Top(down&MS&iden1fica1on&of&S(CysGly&wt&TTR.&ECD&fragmenta1on&

Deconvoluted MS/MS spectra is 
shown in Chapter 2, Fig. C2-7  
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-CysGly wt 996.5 13928.8962 13928.9200 176.026 1.7

pScore pDEb # fragments  # b-ions # y-ions
1.16E-05 50.50 19 15 4

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Table&A(11.&Top(down&MS&iden1fica1on&of&S(CysGly&&wt&TTR.&CID&fragmenta1on&

Figure&A(10.&Top(down&deconvoluted&MS/MS&spectra&of&S(CysGly&wt&TTR.&CID&fragmenta1on&

IPC18_CID_996_WTCG_CE30_av392_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 3.71E2
T: FTMS + p NSI Full ms2 998.50@cid30.00 [270.00-2000.00]
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IPC18_CID_996_WTCG_CE30_av392_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.60E1
T: FTMS + p NSI Full ms2 998.50@cid30.00 [270.00-2000.00]
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Figure&A(11.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&200(11000&Da)&of&S(CysGly&wt&TTR.&CID&fragmenta1on&

IPC18_CID_996_WTCG_CE30_av392_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 3.71E2
T: FTMS + p NSI Full ms2 998.50@cid30.00 [270.00-2000.00]
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Figure&A(12.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&12000(14200&Da)&of&S(CysGly&wt&TTR.&CID&fragmenta1on&
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Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
ECD S-GSH wt 1005.72 14057.1816 14057.9560 305.068 55c

pScore pDEb # fragments  # c-ions # z-ions
1.29E-05 48.70 9 3 6

a Mass difference compared to Free Cys form
b McLuckey score
c Isoform detected as a minor species. The monoisotopic mass could not be accurately measured due to bad ion statistics

Table&A(12.&Top(down&MS&iden1fica1on&of&S(GSH&wt&TTR.&ECD&fragmenta1on&

Figure&A(13.&Top(down&deconvoluted&MS/MS&spectra&of&S(GSH&wt&TTR.&ECD&fragmenta1on.&&

IPC10_ECD_1005_WTGSH_5_20av225_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 7.80E1
T: FTMS + p NSI Full ms2 1007.00@ecd5.00 [275.00-2000.00]
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Table&A(13.&Top(down&MS&iden1fica1on&of&Free&Cys&V30M&TTR.&CID&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID Free Cys V30M 986.22 13784.8913 13784.8603 - 2.25

pScore pDEb # fragments  # b-ions # y-ions
7.53E-01 4.41 6 1 5

a
 Mass difference compared to Free Cys form

b
 McLuckey score

Figure&A(14.&Top(down&deconvoluted&MS/MS&spectra&of&Free&Cys&V30M&TTR.&CID&fragmenta1on&&

141205_S328_MI986CID30_av960_XT_00001_M_ #1 RT: 1.00 AV: 1 NL: 1.30E1
T: FTMS + p NSI Full ms3 988.22@cid0.00 987.22@cid30.00 [270.00-2000.00]
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Table&A(14.&Top(down&MS&iden1fica1on&of&S(Sulfo&V30M&TTR.&CID&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-Sulfo V30M 991.93 13863.9136 13864.8173 79.957 65.18c

pScore pDEb # fragments  # b-ions # y-ions
7.96E-01 3.62 4 0 4

a Mass difference compared to Free Cys form
b McLuckey score
c Deconvolution algorithm errors due to overlapping forms could account for the low  accuracy determination 
of the monoisotopic mass of this form

Figure&A(15.&Top(down&deconvoluted&MS/MS&spectra&of&S(Sulfo&V30M&TTR.&CID&fragmenta1on&

141210_S374_MI992CID30_av400_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 1.90E1
T: FTMS + p NSI Full ms3 994.50@cid0.00 992.50@cid30.00 [270.00-2000.00]
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Table&A(15.&Top(down&MS&iden1fica1on&of&S(Cys&V30M&TTR.&CID&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-Cys V30M 994.71 13903.4582 13903.8644 119.004 0.73

pScore pDEb # fragments  # b-ions # y-ions
1.77E-11 74.60 28 17 11

a
 Mass difference compared to Free Cys form

b
 McLuckey score
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Figure&A(16.&Top(down&deconvoluted&MS/MS&spectra&of&S(Cys&V30M&TTR.&CID&fragmenta1on&
141205_S375_MI994CID30_av650_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.66E2
T: FTMS + p NSI Full ms3 996.70@cid0.00 994.50@cid30.00 [270.00-2000.00]
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Figure&A(17.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&12000(14200&Da)&of&S(Cys&V30M&TTR.&CID&fragmenta1on&
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Table&A(16.&Top(down&MS&iden1fica1on&of&S(CysGly&V30M&TTR.&CID&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-CysGly V30M 998.79 13961.9241 13960.8863 176.026 74.3c

pScore pDEb # fragments  # b-ions # y-ions
8.47E-05 16.70 11 3 8

a
 Mass difference compared to Free Cys form

b
 McLuckey score

c Isoform detected as a minor species. The monoisotopic mass could not be accurately measured due to bad ion statistics

Figure&A(18.&Top(down&deconvoluted&MS/MS&spectra&of&S(CysGly&V30M&TTR.&CID&fragmenta1on&

141205_S375_MI998CID30_av500_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.80E1
T: FTMS + p NSI Full ms2 1003.00@cid30.00 [275.00-2000.00]
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Figure&A(19.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&400(1400&Da)&of&S(CysGly&V30M&TTR.&CID&fragmenta1on&&

Figure&A(20.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&12800(14000&Da)&of&S(CysGly&V30M&TTR.&CID&fragmenta1on&&

141205_S375_MI998CID30_av500_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.80E1
T: FTMS + p NSI Full ms2 1003.00@cid30.00 [275.00-2000.00]
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Table&A(17.&Top(down&MS&iden1fica1on&of&S(GSH&V30M&TTR.&CID&fragmenta1on&

Fragmentation PTM TTR Ion Observed m Theoretical m Δma ppm
CID S-GSH V30M 1008.07 14089.9257 14089.9283 305.068 0.18

pScore pDEb # fragments  # b-ions # y-ions
1.22E-04 35.10 7 5 2

a Mass difference compared to Free Cys form
b McLuckey score

Figure&A(21.&Top(down&deconvoluted&MS/MS&spectra&of&S(GSH&V30M&TTR.&CID&fragmenta1on&

141211_S158_MI1008bCID30_av800_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.80E1
T: FTMS + p NSI Full ms3 1011.00@cid0.00 1009.00@cid30.00 [275.00-2000.00]
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141211_S158_MI1008bCID30_av800_XT_00001_M_ #2 RT: 2.00 AV: 1 NL: 2.80E1
T: FTMS + p NSI Full ms3 1011.00@cid0.00 1009.00@cid30.00 [275.00-2000.00]
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Figure&A(22.&Top(down&deconvoluted&MS/MS&spectra&(zoom&in&800(2400&Da)&of&S(GSH&V30M&TTR.&CID&fragmenta1on&
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T: FTMS + p NSI Full ms3 1011.00@cid0.00 1009.00@cid30.00 [275.00-2000.00]
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Table S16. Absolute quantification of Cys10 PTMs in TTR by HR-XIC 

  % Each form ng/µL Each form 

Samplea Free Cys S-Cys S-CysGly S-GSH S-Sulfo Free Cys S-Cys S-CysGly S-GSH S-Sulfo 

Sample 1 13.72 67.27 0.86 0.19 17.96 7.20 35.30 0.45 0.10 9.42 

Sample 2 2.57 76.19 0.86 0.25 20.14 1.60 47.47 0.54 0.15 12.55 

Sample 3 3.31 78.35 1.06 0.27 17.01 3.94 93.18 1.26 0.32 20.23 

Sample 4 3.24 71.47 0.77 0.2 24.32 1.68 37.01 0.40 0.10 12.60 

Sample 5 1.77 80.98 0.54 0.08 16.64 0.43 19.81 0.13 0.02 4.07 

Sample 6 3.19 74.84 1.11 0.26 20.6 4.34 101.61 1.50 0.35 27.98 

Sample 7 2.21 75.48 1.08 0.16 21.07 2.39 81.85 1.17 0.18 22.84 

Sample 8 1.91 72.38 0.83 0.2 24.68 1.50 56.96 0.65 0.16 19.42 

Sample 9 2.1 76 0.6 0.22 21.09 1.64 59.64 0.47 0.17 16.55 

Sample 10 2.22 72.29 1.04 0.33 24.12 2.37 77.37 1.11 0.35 25.81 
a Samples 1-5 correspond to wt individual human samples and samples 6-10 to V30M individual human samples 

Table&A(18.&Absolute&quan1fica1on&of&Cys(10&PTMs&in&TTR&by&HR(XIC&
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Quantitative analysis of post-translational
modifications in human serum transthyretin
associated with familial amyloidotic
polyneuropathy by targeted LC–MS and intact
protein MS☆

Marta Vilà-Ricoa, Núria Colomé-Callsb, Luna Martín-Castelb, Marina Gayc,
Sebastián Azorínd, Marta Vilasecac, Antoni Planasa,⁎, Francesc Canalsb,⁎⁎
aLaboratory of Biochemistry, Institut Químic de Sarrià, Universitat Ramon Llull, Barcelona, Spain
bProteomics Laboratory, Vall d'Hebron Institut d'Oncologia, Barcelona, Spain
cInstitute for Research in Biomedicine (IRB Barcelona), Barcelona, Spain
dNephrology and Transplant Unit, Hospital Clínic de Barcelona, IDIBAPS, Barcelona, Spain

A R T I C L E I N F O A B S T R A C T

Transthyretin (TTR) is an amyloidogenic tetrameric protein, present in human plasma,
associated with several familial amyloidoses. Variability of TTR is not only due to point
mutations in the encoding gene but also to post-translational modifications (PTMs)
at Cys10, being the most common PTMs the S-sulfonation, S-glycinylcysteinylation,
S-cysteinylation and S-glutathionylation. It is thought that PTMs at Cys10 may play an
important biological role in the onset and pathological process of the amyloidosis. We
report here the development of a methodology for quantification of PTMs in serum
samples, as well as for the determination of serum TTR levels, from healthy (wt) and
TTR-amyloidotic (V30M mutation) individuals. It involves an enrichment step by immuno-
precipitation followed by mass spectrometry analysis of (i) the intact TTR protein and
(ii) targeted LC–MS analysis of peptides carrying the PTMs of interest. Analysis of serum
samples by the combination of the twomethods affords complementary information on the
relative and absolute amounts of the selected TTR PTM forms. It is shown that methods
based on intact protein are biased for specific PTMs since they assume constant response
factors, whereas the novel targeted LC–MS method provides absolute quantification of
PTMs and total TTR variants.

Biological significance
The study of TTR has a high clinical relevance since it is responsible for diverse familial
polyneuropathies. In particular, more than 80 point mutations have been described through
genetic studies. However, genetic heterogeneity alone fails to explain the diverse onset and
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Absolute quantification
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pathological process of the TTR related amyloidosis. The use of proteomic characterization
is required to gather information about the PTMs variants present in serum, which have
been suggested to be relevant for the amyloidotic pathology. This article is part of a Special
Issue entitled: HUPO 2014.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Human transthyretin (hTTR; MIM#176300) is a homotetrameric
protein that functions as the backup transporter for thyroxine
hormone (T4) in plasma and it is itsmain transporter across the
blood brain barrier. TTR is also the main carrier of retinol by
forming a 1:1 complex with the retinol-binding protein (RBP)
[1,2]. It is synthesized in the liver and the choroid plexus of the
brain [3], the liver being themain responsible for plasmatic TTR
production. Whereas TTR transports nearly all the circulating
RBP in serum and it is the main thyroxin transporter in
cerebrospinal fluid (CSF), it only transports around the 15% of
the serum circulating thyroxin [4]. hTTR is an amyloidogenic
protein associated with senile systemic amyloidosis (SSA),
caused by wild-type (wt) TTR [5], affecting up to 25% of the
population that is more than 80 years old. It is also related to
several hereditary amyloidosis classified as rare diseases [6,7]:
familial amyloidotic polyneuropathy (FAP), produced by single
point mutants like V30M or L55P, where the pathology can
develop at an early age; familial amyloidotic cardiomyopathy
(FAC), mainly associated with V122I and T60A variants; and
central nervous system selective amyloidosis (CNSA), the main
representative being the A25T and D18G TTR variants [8].

Amyloid fibril formation is initiated by TTR tetramer
dissociation into dimers and monomers that evolve to a
misfolded or non-native monomer intermediate that starts an
intermolecular aggregation process involving a number of
states through soluble oligomers and leading to mature fibrils
[9–13]. Several studies have shown that TTR intermediates
(protofibrils and soluble oligomers), rather than mature fibrils,
are the toxic species in cell cultures and that they may play a
role in pathogenesis [14,15].

TTR is a highly abundant protein in plasma with concentra-
tions around 0.2–0.4 μg/μL in healthy individuals. However,
lower TTR levels have been described for TTR-amyloidotic
patients [16,17]. It occurs as a very heterogeneous proteinwhere
variability is not only due to point mutations in the encoding
gene but also to post-translational modifications (PTMs) at
Cys-10, the single Cys residue in the protein sequence [18,19].
Only around 10–15% of the circulating TTR in plasma remains
unmodified at this residue and the most common PTMs at
Cys-10 are the S-sulfonation (S-Sulfo), S-glycinylcysteinylation
(S-CysGly), S-cysteinylation (S-Cys) and S-glutathionylation
(S-GSH) [20]. It is thought that PTMs may play an important
biological role in the onset and pathological process of the
TTR-related amyloidosis, although clinical implications are still
badly understood [21–27].

Prior studies based on mass spectrometry have addressed
the detection and identification of TTR variants in plasma,
serum or CSF. In all cases, a common starting step involves
the enrichment of TTR by the use of polyclonal antibodies or
by SDS-PAGE. Analysis of the immunoprecipitated protein is

then performed byMALDI-MS [28,29], MALDI-FTICR-MS [30,31]
or LC–MS [20,32–36] techniques. In most cases, the study of
TTR heterogeneity is based on the analysis of the intact
protein, where the different TTR variants are assigned on the
basis of the mass shift observed in the spectra. An additional
digestion step by a combination of different enzymes (trypsin,
Arg-C, Asp-N, Glu-C or Lys-C) is often performed to further
confirm or determine the location of the modification
[28–31,35,36]. Few studies are designed to quantify the total
amount of TTR and the different TTR variants. These works are
based on the study of the intact protein [29,34] or by mass
fingerprinting [30,31] with the assumption that all Cys-10 forms
or point mutation variants present the same response factor.
However, the presence of a modification or mutation may
affect the ionization of the protein resulting in different signal
responses.

We here report the development of an analytical mass
spectrometry methodology with the aim of quantifying the
absolute concentration of the 5most commonTTRCys-10 PTMs
in serum and plasma samples. Additionally, the samemethod-
ologywill allow the determination of the total amount of TTR in
serumandplasmaof healthy and FAP individuals bearingV30M
mutation, as well as the mutant:wild type (V30M:wt) protein
level ratios, which could also play a role in the development of
amyloidosis. The strategy is based on targeted LC–MS high
resolution analysis (HR-XIC) of a mixture of peptides coming
from the digestion of the immunoprecipitated TTR in an Ultra
High Resolution-QTOF instrument. For the quantification of
wt TTR, V30M TTR, and their PTMs at Cys-10 (free Cys, S-Cys,
S-CysGly, S-GSH and S-Sulfo) a set of 7 unique labeled TTR
peptides containing the sequence of interest and their modifi-
cations were synthesized and added to the samples at known
concentrations. In thisway, possible changes in response factor
due to the presence or absence of modifications are taken into
account to determine the percentages of each modification as
well as the wt:V30M ratio. In parallel, we used an ESI-MS
strategy based on the analysis of the intact protein as described
in the bibliography [20], where the immunoprecipitated TTR
was directly infused in an Ultra High Resolution-QTOF instru-
ment, and the relative abundance of each TTR variant was
calculated based on the intensity of its corresponding signals in
the MS spectra.

2. Materials and methods

2.1. Samples

Human serum samples were kindly provided by the Depart-
ment of Nephrology and Urology at the Hospital Clínic de
Barcelona and had the corresponding informed consent
agreement.
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Human blood samples were collected and allowed to clot
for 30 min at room temperature and subsequently centri-
fuged at 1300 ×g for 15 min (BD Vacutainer® SST™ Tubes).
Serum specimen was extracted from the tube avoiding the
fraction closer to the separating gel. Aliquots of 250 μL were
then prepared and immediately frozen at −80 °C until
analyzed.

2.2. Characterization of TTR digestion with different proteases

Recombinant wt TTR (wt rhTTR), obtained as described in [37],
was digested with trypsin (Trypsin Gold Mass Spectrometry
Grade, Promega), chymotrypsin (Sigma), Asp-N (Sigma), Glu-C
(Sigma) and arginine-C (Arg-C, Sigma). 100 μg of protein was
digested in each protease test in 1 M urea–50 mM ammonium
bicarbonate (AB) buffer, at 1:10 (trypsin), 1:50 (chymotrypsin,
Arg-C, Glu-C) and 1:100 (Asp-N) enzyme:protein ratios, ON at
37 °C. Samples of each of the different digests (500 ng) were
analyzed on a Maxis Impact Q-TOF spectrometer (Bruker,
Bremen), coupled to a nano-HPLC system (Proxeon, Denmark).
The samples, dissolved in 5% ACN–0.1% formic acid in water,
were first concentrated on a 100 μm ID, 2 cm Proxeon
nanotrapping column and then loaded onto a 75 μm ID,
25 cm Acclaim PepMap nanoseparation column (Dionex).
Chromatography was run using a 0.1% formic acid–ACN
gradient (5–35% in 20 min; flow rate 300 nL/min). The column
was coupled to the mass spectrometer inlet through a Captive
Spray (Bruker) ionization source. MS acquisition was set
to cycles of MS (2 Hz), followed by 3 second cycles of MS/MS
(4–16 Hz, intensity depending) of a variable number of themost
intense precursor ions, with an intensity threshold for frag-
mentation of 2000 counts, and using a dynamic exclusion time
of 2 min, with an automated precursor re-selection when a
3 fold increase in intensity was observed. All spectra were
acquired on the range 150–2200 Da. LC–MS/MS data was
analyzed using the Data Analysis 4.0 software (Bruker). Peptides
were identified using Mascot (Matrix Science, London UK) by
search on a database constructed with TTR sequences (wt and
V30M). MS/MS spectra were searched with a precursor mass
tolerance of 10 ppm, fragment tolerance of 0.05 Da, protease
specificity with a maximum of 2 missed cleavages, cysteine
modifications (S-Cys, S-Sulfo, S-CysGly and S-GSH) set as
variable modifications and methionine oxidation also set as
variable modification. Significance threshold for the identifica-
tions was set to p < 0.01, minimum Ions score of 20.

2.3. Targeted LC–MS analysis by high resolution-extracted ion
chromatograms (HR-XIC)

2.3.1. Immunoprecipitation with hydrazide-immobilized antibody
(IP Ab-ULH)
Polyclonal rabbit anti-human TTR antibody (Dako) was coupled
to UltraLink®Hydrazide Resin (Thermo Scientific) following the
resin manufacturer's protocol. 225 μg of immobilized antibody
(Ab-ULH) was incubated with 25 μL of human serum for 1 h
and 40 min at room temperature with soft agitation. After
TTR binding to the Ab-ULH, 5 washes with 500 μL PBS were
performed. TTR was eluted with 100 mM triethylamine (TEA,
Fluka) pH = 11.5 solution. Elution was performed in 3 steps by
addition of 400 μL TEA followed by 2 min of sonication on a

ultrasonic bath, and the total eluted volume was concentrated
to 50 μL after 8 M urea-50 mM AB buffer exchange, by
diafiltration in an Amicon® Ultra-0.5 mL centrifugal Filter,
Ultracel®-3 K cut off membrane (Millipore).

2.3.2. Enzymatic digestion of transthyretin
After immunoprecipitation, determination of the total protein
amount for each sample was performed using Bio-Rad DC™
Protein Assay Kit (Bio-Rad). Based on the amount of protein
quantified, a fraction of the immunoprecipitatedTTR (10 μg)was
digested with Arginine-C (Endoproteinase Arg-C Sequencing
Grade, Roche) during 6 h, 37 °C at a 1:23 ratio enzyme:protein.
Another fraction (10 μg) of the immunoprecipitated protein was
digested with trypsin (Trypsin Gold Mass Spectrometry Grade,
Promega) ON, 37 °C at a 1:10 ratio enzyme:protein.

2.3.3. Standard labeled peptides
Labeled (5C13,N15 proline) peptides for the quantification of
the 5 Cys-10 forms (>98% purity and quantified by AAA) were
purchased from Peptide Synthetics (United Kingdom). The
different peptides for the quantification of Cys-10modifications
(Table 1) will be referred as N-term heavy peptides. Labeled
(6C13,4N15 arginine) peptides for the total TTR determination
(99%purity and quantified by AAA)were purchased fromAQUA
Peptide Sigma-Aldrich. The two different peptides (Table 1)
used for the total amount of protein determination will be
referred as GSPAIN peptides (wt and V30M, for the wt TTR
form and the mutant V30M TTR form, respectively). Labeled
(6C13,4N15 arginine) GSPAIN V30M peptide carryingmethionine-
sulfoxide (>95%purity andquantified byAAA)was obtained from
Centro Nacional de Biotecnología, Madrid, Spain.

2.3.4. LC–MS measurement with UHR-QTOF
TTR from human samples was purified and digested with
Arg-C and trypsin as described above. Standard labeled
N-term peptides were spiked into Arg-C digested samples
after digestion and prior to LC–MS measurement. The same
procedure was followed for the standard labeled GSPAIN
peptides and the trypsin digested samples. The amount of
heavy peptides in column was of 50 fmols for each GSPAIN
peptide and of 50, 12.5, 7.5, 200 and 200 fmols for the Free Cys,
S-CysGly, S-GSH, S-Cys and S-Sulfo N-term peptides, respec-
tively. The samples were analyzed on a UHR-QTOF mass
spectrometer (Bruker Impact), coupled to a Proxeon Easy
nano-LC (Bruker). Samples of the TTR digests (50 ng) spiked
with the standard peptides were first loaded into a 100 μm ID,
2 cm Proxeon nanotrapping column and then separated with
a 10 min 0.1% formic acid–ACN gradient (5–35% in 10 min;
flow rate 300 nL/min) on a Acclaim PepMap 75 μm × 25 cm,
3 μm particle size reverse phase nanoseparation column
(Dionex) coupled to the mass spectrometer inlet through a
Captive Spray (Bruker) ionization source. For quantification,
MS acquisition was set to cycles of MS (0.5 Hz). All spectra
were acquired on the range 150–2200 Da.

2.3.5. Data analysis
LC–MS data was first processed using Data Analysis 4.1 (Bruker)
and then quantified using Skyline Software (MacCoss Lab) to
filter and integrate precursor signals of target peptides. Using a
HR-XIC Skyline template, extracted ion chromatograms for the

3J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 5 ) X X X – X X X

Please cite this article as: Vilà-Rico M, et al, Quantitative analysis of post-translational modifications in human serum
transthyretin associated with familial amyloidotic polyne..., J Prot (2015), http://dx.doi.org/10.1016/j.jprot.2015.04.016

99

http://dx.doi.org/10.1016/j.jprot.2015.04.016


m/z corresponding to the main isotope and charge state signal
for each target peptide were used for quantification.

2.3.6. Determination of response factor for methionine oxidized
GSPAIN peptide
Pure recombinant hTTR protein was quantified based on
absorbanceat 280 nm [37] and 10 μg of proteinwas spiked into a
70 μg/μL BSA solution, which was then immunoprecipitated
and digested with trypsin according to the above described
protocol. The resulting digested protein was used to prepare
solutions at 25, 50, 100 and 150 ng/μL of digested rhTTR. A
known amount of total V30M GSPAIN peptide, containing both
oxidized and non-oxidized forms at unknown proportions, was
added to each solution (total final concentrations of 25, 50, 100
and 150 fmol/μL, respectively). Samples were then analyzed by
the described LC–MS strategy. From the results, and taking into
account the known concentrations of rhTTR and total GSPAIN
peptide, the response factors for the non-oxidized and oxidized
forms of the V30M GSPAIN peptide were calculated.

Additionally, a standard curve for the labeled V30M GSPAIN
oxidized peptide was performed in triplicate analyzing serial
dilutions of the standard labeled peptide in the presence of
trypsin digest of TTR as a matrix. The results were used to
calculate the response factor for the oxidized form of the
peptide.

2.4. Intact protein analysis

2.4.1. In solution immunoprecipitation
For TTR immunoprecipitation, 225 μg of the polyclonal rabbit
anti-human TTR antibody (Dako) was incubated with 25 μL of
human serum over night at 4 °C. After incubation, centrifu-
gation at 9000 ×g, 10 min and 4 °C allowed the precipitation of
the TTR-Ab complex. The pellet obtained was washed 3 times
with 0.1 M AB buffer and finally resuspended in 50% metha-
nol–1% formic acid [20] at approximately 4 pmol TTR/μL,
according to the reported TTR concentrations in serum.

2.4.2. Intact protein measurement with UHR-QTOF
TTR immunoprecipitated as described below was analyzed on
a UHR-QTOF mass spectrometer (Bruker Impact). The sample
was directly infused with a syringe pump at 3 μL/min into an
ESI source (Bruker). The MS acquisition method was set up to
acquire only MS data during 5 min, with MS cycles of 0.5 Hz in

the mass range from 50 m/z to 1500 m/z. MS data was
analyzed using Data Analysis 4.1 software (Bruker).

Lock mass calibration was performed prior to averaging the
spectra. All measurements were done in charge envelope +14,
taking into account the intensity of the 5 most intense isotope
peaks for each modification. Peak inspection was performed
manually and the sum of these 5 isotopes was considered as
the total intensity for a given modification. From the total
intensity of each form, the percent of each modification with
respect to the sumof all formswas calculated, for bothwt and
V30M TTR.

2.5. Top-down MS analysis

Top-down MS experiments were performed on a 7 T LTQ-FT
Ultramass spectrometer (Thermo Scientific). Purified TTRwas
reconstituted with ESI solution (MeOH, 1% FA (1:1, v/v)) and
infused by automated nanoelectrospray using a Triversa
Nanomate (Advion BioSciences) as the interface. Full MS
spectra (m/z 200–2000) were acquired at 100,000 resolution
(m/Δm 50% at 400 m/z) and, after full scan analysis, individual
charge state ions of themultiply protonated proteoformswere
selected for isolation in the LTQ using isolation widths of
5–10 m/z. Isolated ions were then fragmented by either CID or
ECD. CID fragmentation was performed in the trap whereas
isolated ions were guided to the FTICR cell for ECD fragmen-
tation. Fragment detection was done in the FTICR cell for both
types of fragmentation at 100,000 resolution (m/Δm 50% at
400 m/z) and averaging 200–1000 scans. For CID experiments
precursor ions were activated using 30% to 40% normalized
collision energy at the default activation q-value of 0.25. For
ECD experiments the following settings were used: 3–5 energy
(arbitrary units) corresponding to a cathode voltage of 1.5 V to
3.5 V, 127 ms delay (with 0 ms additional delay) and 15–75 ms
duration. Fragmentation efficiency was optimized to maxi-
mize product ion signal intensity for both CID and ECD. The
analyzer charge capacity was set to a target value of 500,000
and 1000,000 counts for CID and ECD MS/MS experiments
respectively. Protein masses and zero charged fragments
masses were determined by deconvolution using Xtract algo-
rithm integrated in Xcalibur software vs 2.07 (Thermo Scientific).
Data validation was done using ProSight PC 2.0 software
(Thermo Scientific) in a single protein mode using a sequence
gazer option.

Table 1 – Summary of the signals monitored and its calculated LOD and LOQ.

Peptide Charge Label m/z heavy m/z light LOD (fmol) LOQ (fmol)

GP*TGTGESKCP*LMVKVLDAVR 4 P 5C13,N15 543.296 540.289 1.38 4.59
GP*TGTGESKC(C)P*LMVKVLDAVRa 4 P 5C13,N15 573.047 570.041 2.49 8.28
GP*TGTGESKC(GSH)P*LMVKVLDAVRb 4 P 5C13,N15 619.563 616.557 0.09 0.29
GP*TGTGESKC(CG)P*LMVKVLDAVRc 4 P 5C13,N15 587.303 584.296 0.44 1.47
GP*TGTGESKC(S03H)P*LMVKVLDAVRd 3 P 5C13,N15 750.712 746.702 23.0 31.6
GSPAINVAVHVFR* 2 R 6C13,4N15 688.887 683.883 61.7 61.7
GSPAINVAMHVFR* 2 R 6C13,4N15 704.873 699.869 43.0 44.1

a C(C):S-cysteinylation (S-Cys), cysteine on the side chain of cysteine by disulfide bond.
b C(GSH):S-glutathionylation (S-GSH), glutathione on the side chain of cysteine by disulfide bond.
c C(CG): S-glycinylcysteinylation (S-CysGly), H-cysteinyl-glycine-OH on the side chain of cysteine by disulfide bond.
d C(SO3H):S-sulfonation (S-Sulfo).
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3. Results and discussion

3.1. Immunoprecipitation of TTR from serum

The first step of both methodologies consists of immunopre-
cipitation of serum TTR using a polyclonal antibody. Poly-
clonal antibodies present several advantages, such as the
lack of specificity for a certain modification or the lack of
sensitivity in front of point mutations, allowing the use of the
same procedure for a wide variety of samples. In addition,
they can form precipitating immune complexes with homo-
geneous monomeric protein antigens, since each antibody
can interact with a different epitope on the antigen. In the
particular case of TTR, and given its tetrameric nature in
plasma, they are able to form precipitating immune com-
plexes without the need of adding immobilized protein A or G.
We chose to use this immunoprecipitation “in solution” for
minimal manipulation of the sample for intact protein
analysis. However, in the case of the LC–MS HR-XIC strategy
the antibody was first immobilized, used to capture TTR
from plasma, and then treated with triethylamine, to release
antibody-free TTR in order to improve the yield of the
enzymatic digestion of the protein.

3.1.1. Immunoprecipitation of TTR with hydrazide-immobilized
antibody and TTR recovery
Conditions for the immunoprecipitation with immobilized
antibodies (Ab-ULH, see the Materials and methods section)
were set up using solutions of known concentration of
recombinant human TTR (rhTTR). rhTTR was prepared either
in PBS buffer alone or in the presence of BSA at concentrations
similar to plasma, to mimic plasmatic conditions, in case the
complexity of the sample could affect the yield of the IP. The
recovery from TTR solutions in the concentration range
reported for plasma TTR was practically quantitative (Supple-
mentary material, Fig. S1A). In order to further check that the
amount of Ab used is enough to rescue all the plasmatic TTR,
solutions ranging from 0.1 to 0.6 μg/μL of rhTTR in PBS or PBS
plus 70 μg/μL BSA were immunoprecipitated (Fig. 1A). The
amount of TTR in the IP fraction was quantified using the
standard curve prepared from known amounts of rhTTR in a
SDS-PAGE gel (Fig. 1B). The results confirmed that recovery
was practically quantitative and linear in all the range of
concentrations assayed. In addition, two negative controls
were performed (Fig. 1A, IP BSA and IP PBS). Applying the
immunoprecipitation protocol to a solution of BSA or PBS
showed no bands interfering with TTR, but some background
of BSA, even after extensive washing, or leaking Ab was

Fig. 1 – Optimization of TTR immunoprecipitation with immobilized (Ab-ULH). (A) Left: Ab-ULH IPs from solutions with
increasing amounts of rhTTR, as indicated, in the presence of BSA (70 μg/μL) and rhTTR standard calibration curve.
Right: control IPs from a BSA solution and PBS, and IP from serum sample. Half of each IP was loaded in the gel; (B) recovery
determination for experiment in panel A and for the same experiment in the absence of BSA. Gels were stained with
Coomassie Blue, scanned with LabScan and quantified using ImageQuant software (GE Healthcare). Bands corresponding to
monomer and dimer of TTR are indicated with arrows as mTTR and dTTR, respectively.
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observed. Finally, immunoprecipitation from human serum
samples according to the established protocol was tested
(Fig. 1A, IP serum), confirming quantitative recovery of serum
TTR.

3.1.2. TTR recovery upon immunoprecipitation in solution
In a similar way, we checked the conditions for total recovery
of TTR by immunoprecipitation with the antibody in solution,
performed essentially as in [20]. Immunoprecipitation from
25 μL solutions containing rhTTR concentrations ranging
from 0.2 to 0.6 μg/μL was quantitative, confirming total TTR
rescue from the solution after immunoprecipitation (Supple-
mentary material, Fig. S1B).

3.2. Strategy 1: targeted LC–MS method

3.2.1. Selection of target peptides and digestion optimization
Digestion of purified rhTTR with different enzymes was
performed to test the coverage of the TTR sequence by
LC–MS/MS analysis (Fig. 2). Sincewe are interested in the study
of TTR Cys-10 modifications, digestion with trypsin does not
provide a suitable peptide, due to the presence of two Lys
residues too close in the sequence (Lys9 and Lys15), which
would result in a peptide too short for LC–MS analysis, andwith
the cleavage site contiguous to the modified residue, which
could affect the cleavage efficiency. Suitable peptides were
observed in both the Asp-N and Arg-C digests, the later being
the one giving the strongest MS signal. Thus, Arg-C digestion
was selected for the analysis of the N-term peptides carrying
the different modifications at Cys-10. The same digestion
produces also the GSPAINVAVHVFR peptide (and its V30M
mutant version) that can be used for the quantification of the
total TTR amount.

Since the GSPAIN peptides are also tryptic peptides, they
allowed a direct comparison between the efficiency of trypsin
andArg-C digestion of TTR. Experiments to assess the digestion
performance were carried out on serum samples having
both wt and V30M TTR. After immunoprecipitation with ULH
immobilized antibody, the amount of the different peptides
obtained was quantified using standard peptides, as detailed
below. Different conditions for Arg-C digestion were tested
attempting to optimize the yield, as monitored by the GSPAIN
peptide quantification in comparison to a parallel trypsin

digestion of the same sample. Conditions assayed included:
different enzyme:protein ratios (1:15 to 1:100), presence of
different denaturing agents (10% ACN, 10% trifluoroethanol,
2 M urea, 8 M urea), addition of 10 mM CaCl2, different
incubation times (4–16 h), different protein concentrations
during the digestion, and 3 successive additions of the enzyme,
at 2 h intervals. It was found (Fig. 3A and B) that the yields of the
GSPAIN peptides upon Arg-C digestion were 4 to 10-fold lower
than the obtained for trypsin digestion. A decrease in the
amount of GSPAIN peptide measured at long digestion times
was also apparent (Fig. 3B). LC–MS/MS analysis of the Arg-C
digests showed the presence of some non tryptic peptides, in
particularN-terminal truncated formsderived from theGSPAIN
peptides (Supplementary material, Fig. S2), pointing to the
presence of some minor proteolytic activity that could explain
the observed decrease in the measured amount of GSPAIN
peptides. Similar results were obtainedwhen using other Arg-C
enzymes available from different vendors.

Since improving the Arg-C digestion yield was not really
possible, and the Arg-C N-term peptide being the best-suited
for the study of Cys-10 modifications, we devised an analysis
strategy based on two parallel digestions. After immunopre-
cipitation of serum TTR, an aliquot of the recovered protein
was digested with trypsin for the quantification of the total
TTR amount in serum through the GSPAIN peptides. A second
aliquot was digested with Arg-C for the quantification of the
different N-term peptides. Since Arg-C digestion cannot be
completed, we checked that the relative amounts of each of
the Cys-10 modified forms were constant along the progres-
sion of the digestion. As shown in Fig. 3C and 3D, the
proportion of the different forms is constant within experi-
mental error up to 10 h of digestion.We chose a digestion time
of 6 h under these conditions to measure the relative amounts
of each Cys-10 form. From those, the absolute amounts of each
TTR form were calculated based on the total TTR amount
determined from the analysis of the trypsin-digested protein.

3.2.2. Labeled peptide standard curves for quantification
Table 1 shows the peptide ions used in the quantification
for the HR-XIC strategy, as well as the limits of detection (LOD,
S/N = 3) and the limits of quantification (LOQ, S/N = 10) for the
different peptides, derived from their corresponding standard
curves (Supplementary material, Fig. S3). Standard curves for

Enzyme M G P T G T G E S K C P L M V K V L D A V R G S P A I N V A V H V F R K A A D D T W E
Trypsin
GluC 
Chymo 
AspN 
ArgC

Enzyme P F A S G K T S E S G E L H G L T T E E E F V E G I Y K V E I D T K S Y W K A L G I S
Trypsin
GluC 
Chymo 
AspN 
ArgC

Enzyme P F H E H A E V V F T A N D S G P R R Y T I A A L L S P Y S Y S T T A V V T N P K E
Trypsin
GluC 
Chymo 
AspN 
ArgC

Fig. 2 – Schematic representation of the peptides resulting from rhTTR digestion with several proteases. The different boxes
indicate the peptides obtained in a theoretical digestion; colored boxes indicate the peptides detected by MS/MS.
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each of the labeled peptides used for quantification were
performed by serial dilution of Arg-C (N-term peptides)
or trypsin (GSPAIN peptides) in the presence of digested
immunoprecipitated TTR as matrix. The average heavy/light
(H/L) ratio of the three replicates analyzed was represented
against the concentration (fmol/μL) of heavy peptide injected.
All the peptides presented linear standard curves in the
concentration range studied, with R2 values between 0.957 and
0.998. The charge state and isotopic species giving the strongest
signal for each heavy labeled formwere used for quantification.

3.2.3. Methionine oxidized peptides
The presence of methionine residues in the peptides used for
quantification is normally avoided when designing peptide
targeted analysis methods. In this study, however, both the
N-terminal peptides used for Cys-10 modifications and the
GSPAIN peptides used for total protein quantification have
methionine residues. In the first case, methionine 13 is close
to the modification site, and cannot be excluded from the
targeted peptide by any suitable digestion procedure. In the
case of the GSPAIN peptide, methionine is the site of the
mutant of interest, and quantifying wt and V30M forms of TTR
is one of the goals of the method. Thus, we had to take into
account methionine oxidation of the peptides of interest. The

signals for the ions corresponding to all possible methionine
oxidized forms, both from the endogenous and the labeled
peptides, were monitored in the HR-XIC LC–MS analysis.

We found that the signals for the oxidized forms for
all the N-term peptides were negligible compared to the
non-oxidized forms, and thus they were not further
considered in thequantification.However, the standardpeptide
GSPAINVAMHVFR, used for quantification of total V30M TTR
was found particularly prone to oxidation. The standard heavy
peptide, of known total concentration derived from the amino
acid analysis provided by the manufacturer, contained in fact
both oxidized andnon-oxidized forms at unknownproportions.
Since attempts to convert the standard peptide quantitatively
to the reduced or oxidized formwere not successful, we devised
an indirect strategy to obtain an estimation of the response
factors of the oxidized and non-oxidized heavy peptide forms,
and their proportions in the standard, based in the use of a
rigorously quantified solution of a non-oxidized rhTTR V30M as
a reference. The recombinant protein was quantified based on
absorbance at 280 nm [37] andwas used to prepare a solution of
known concentration of rhTTRV30M spiked into a 70 μg/μL BSA
solution, which was then immunoprecipitated and digested
with trypsin according to the establishedprotocol. The resulting
digested protein was used to prepare solutions at various
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known concentrations of digested rhTTR, to which different
amounts of total V30M GSPAIN peptide, containing both
oxidized and non-oxidized forms at unknown proportions,
were added. Analysis of these samples by the described LC–MS
strategy was used to derive response factors (signal area/fmol
peptide) for the non-oxidized and oxidized forms of the V30M
GSPAIN, based on the known concentrations of rhTTR and
total GSPAIN peptide. A response factor significantly higher
(13.63 fold) for the oxidized peptide was found.

We further confirmed the response factor for the oxidized
V30M GSPAIN peptide by an independent, more accurate,
measurement using a synthetic labeled standard peptide
carrying a Met-sulfoxide. The standard curve for this peptide
was determined as in Section 3.2.2, and is shown in Supple-
mentary Fig. S3. Together with the results measured using
the mixture of non-oxidized and oxidized forms of V30M
GSPAIN, we calculated the ratio of response factors to be 11.11
(oxidized:non-oxidized V30M).

The measured response factors were used to quantify the
total V30M TTR in samples, as the sum of non-oxidized and
oxidized forms. In all serum samples analyzed, the proportion
of the Met-30 oxidized form was found to be below 7%.

3.2.4. Intra- and inter-assay precision for the targeted LC–MS
strategy
In order to determine intra- and inter-assay precision, a pool of
serum from healthy individuals was used. From this pool, the
complete sample preparation procedure, including immuno-
precipitation and trypsin and Arg-C digestions, was performed
in triplicate. Each of the digests was then analyzed by HR-XIC
LC–MS in triplicate. The results obtained for total protein
determination (trypsin digestion) and Cys-10 modified forms
(Arg-C digestion) are shown in table 2. The reproducibility of the
assay was very good, with coefficients of variation ≤2% for the
determination of the total amount of protein and variations
≤8% for the quantification of the different Cys-10 forms, both
intra- (triplicate sample processing) and inter-assay (triplicate
LC–MS analysis). The only exception was for the Free Cys
quantification, which presented an inter-assay coefficient of
variation of 19%. It is likely that the higher variability observed
for the Free Cys form reflects its susceptibility to oxidation
during the manipulation of the sample. We have not explored
preanalytical issues at this point of the development of the
methods, but this is clearly a point to take into account, given
the nature of the modifications of interest and in the light of
previous reports [20].

3.3. Strategy 2: intact protein MS analysis

3.3.1. Relative quantification by intact protein analysis
Analysis of intact immunoprecipitated TTR from serum by
direct infusion to the electrospray source on a HR-QTOF
instrument (Bruker Impact) allowed us to detect signals of m/z
values compatible with the main Cys-10 modified forms of wt
and V30M TTR, in charge states ranging from z = 9 to z = 19.
Fig. 4A shows an example of the spectra obtained for 2
different serum samples, one containing only wt TTR and the
other wt and V30M TTR. All the modifications of interest are
shown, plus an unknown modification corresponding to a
mass shift of +14 Da. As shown in Fig. 4B, a good agreement
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between the calculated and observed m/z values was obtained.
To further confirm the identity of each of the assigned ions,
a top-down analysis of each of the TTR forms (Fig. 5) was
performed on a 7T LTQ-FT Ultramass spectrometer confirming
in all cases the structure assigned in Fig. 4 (Supplementary
material, Tables S1–S15).

By thismethodology it was not possible however to quantify
the relative amount of the S-Sulfo form in V30M TTR, since its
whole peak is overlapped with part of the S-Cys peak in wt
TTR. For comparison purposes, the relative amounts of PTMs
determined by this methodology were calculated without
taking into account S-Sulfo forms (neither wt, nor V30M).

3.3.2. Intra- and inter-assay precision for the intact protein
strategy
To determine the intra-assay precision we performed four
different immunoprecipitations from a pool of human serum,
and analyzed them according to the protocol described in
the Materials and methods section. A second pool was
immunoprecipitated and analyzed in 4 different days to assess
inter-assay precision. The results are shown in Table 3. The
procedure showed to be highly robust, giving an intra-assay

coefficient of variation <8% for the total intensities measured,
and <6% for the calculated % of the different PTMs measured.
Results of the assay of a sample ondifferent days, after cycles of
freezing and thawing, showed a higher variation (<20%) for the
total intensities, but even in this case the values for percent of
PTMs showed a coefficient of variation ≤4%. The ratio of total
wt:V30MTTRwas calculated as the ratio of the signals resulting
from totalling the peaks corresponding to the modified forms
for wt and V30M TTR, respectively. Determination of the ratio
total wt:V30M TTR gave also coefficients of variation <0.5% for
both intra- and inter-assay.

3.4. Comparison between targeted LC–MS and intact protein
strategies

In order to compare the results obtained by the two different
analytical strategies, a group of 10 human serum samples, five
carrying only wt TTR and five carrying both wt and V30M TTR,
was analyzed by the two methodologies. The results obtained
by the targeted LC–MS strategy for the absolute quantity of
TTR are shown in Table 4. For V30M samples, in the case of
the intact protein strategy, it was also possible to calculate the

Modification Observed Calculated ∆ ppm Observed Calculated ∆ ppm
Cys→Gly 980.6508 980.6430 7.95 982.9345 982.9267 7.94
Free Thiol 983.9357 983.9278 8.03 986.2201 986.2116 8.62
wt+14 (unknown) 984.9378 - - 987.2216 - -
S-Sulfo (Sulfonate) 989.6472 989.6390 8.29 - - -
S-Cys (Cysteinyl) 992.4357 992.4281 7.66 994.7197 994.7119 7.84
S-CysGly (CysteinylGlycine) 996.5076 996.5011 6.52 998.7926 998.7848 7.81
S-GSH (Glutathione) 1005.7259 1005.7184 7.46 1008.0107 1008.0021 8.53
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Fig. 4 – TTR spectra obtained by intact protein. (A) wt TTR spectra (blue) and V30M spectra (green) obtained by intact protein
strategy in Impact (Bruker); (B) table of m/z values for the different modifications monitored in the charge state +14.

9J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 5 ) X X X – X X X

Please cite this article as: Vilà-Rico M, et al, Quantitative analysis of post-translational modifications in human serum
transthyretin associated with familial amyloidotic polyne..., J Prot (2015), http://dx.doi.org/10.1016/j.jprot.2015.04.016

105

http://dx.doi.org/10.1016/j.jprot.2015.04.016


ratio wt:V30M, by comparing the global intensity for each TTR
form (Table 4, right).

Fig. 6A shows the comparison of the distribution pattern of
the different Cys-10 forms, as determined by the two methods
(Supplementarymaterial, Tables S16 and S17). For this compar-
ison, the S-Sulfo form was not considered since as it has been
already mentioned, it cannot be properly quantified by the
intact protein procedure. As it is clear from the figure, the
observed pattern was quite different between both methodol-
ogies. By intact protein measurements, free Cys, S-CysGly and
S-GSH fractions appear more abundant than they really are,
according to the levels obtained from the absolute quantifica-
tion. Conversely, the observed proportion for the S-Cys form
appears to be much lower by intact protein measurement.

We also compared the % of total V30M and wt TTR in the
serum samples, calculated by both strategies (Fig. 6B). We
observed that both variants appear to be at approximately the
same concentration, when looking at the intact protein level.
However, absolute quantification shows that wt TTR was less
abundant than V30M TTR, with a ratio around 40:60.

Comparison of the results from both techniques demon-
strates that indeed, the response factor of the different TTR
variants, when analyzed as intact protein, is not the same.
Although relative quantification can be a good tool to compare
protein forms among different samples, it is not suitable to
establish which of those forms are really more abundant in a
sample. The results shown here demonstrate the need for
absolute quantification using labeled peptide standards to
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Fig. 5 –Mapping PTM sites in TTR by top-downMS. S-CysGly proteoform characterization. (A) Enlarged FT-ICR spectrum of TTR,
Z = +14; (B) ion deconvoluted ECD spectrum of isolated ion m/z 996.50; (C) ECD fragmentation map showing S-CysGly PTM at
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Table 3 – Determination of the intra- and inter-assay precision for the total intensity, % of PTMs in wt and V30M TTR, and
total % V30M determination by intact protein.

Intra-assay Inter-assay

In wt TTR In V30M TTR In wt TTR In V30M TTR

TI % PTM TI % PTM TI % PTM TI % PTM

CV
(%)

Mean STDV CV
(%)

CV
(%)

Mean STDV CV
(%)

CV
(%)

Mean STDV CV
(%)

CV
(%)

Mean STDV CV
(%)

Free Cys 5.59 15.73 0.425 2.70 4.97 22.64 0.599 2.65 17.69 13.63 0.122 0.90 18.48 19.15 0.119 0.62
S-Cys 2.06 55.17 0.911 1.65 1.50 54.90 1.182 2.15 19.00 57.89 0.686 1.19 18.79 54.89 0.477 0.87
S-CysGly 4.29 20.21 0.475 2.35 4.30 13.85 0.250 1.80 16.96 19.83 0.297 1.50 16.84 17.49 0.275 1.57
S-GSH 7.08 8.89 0.415 4.67 6.69 8.60 0.412 4.79 14.92 8.65 0.339 3.92 15.00 8.47 0.296 3.49

Mean STDV CV
(%)

Mean STDV CV
(%)

% V30M TTR 46.70 0.053 0.11 48.25 0.037 0.08
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measure the absolute amounts of the different forms and thus
have a real evaluation of their distribution in serum. The
differences observed between the intact protein analysis and
the LC–MSmethodwould result fromdifferent response factors
of the different proteoforms, which would be a consequence of
their different ionization capability upon electrospray ioniza-
tion. In the LC–MSmethod, the response of themeasurement of
each form is corrected by the corresponding internal standard,

and therefore the proportions of the different forms measured
should be closer to the real composition of the sample.

However, it should also be noted that the intact protein
analysismethod affords information on the relative amounts of
the Cys-10 PTM forms of wt and V30M TTR proteins separately,
whereas in the targeted LC–MS method the N-term peptides
used for PTMquantificationmeasure the total amounts of those
PTM forms. On the other hand, as seen in Fig. 6A, due to the
greater response factor for some of the minor PTM forms
(S-CysGly, S-GSH), the intact protein method presents a
somehow higher sensitivity for their relative quantification.

The most common technique to determine the total
amount of TTR in serum samples is the ELISA method. In an
attempt to compare the results here obtained for absolute
quantification by the targeted LC–MS method, a set of serum
samples were analyzed in parallel by both methods (see
Supplementary material, Fig. S27). We observed a reasonable
correlation between both techniques up to 50 ng TTR/μL
serum, but the ELISA response was saturated at higher
concentrations even though the measured absorbances in
the ELISA were in the linear range of the standard curve. It
suggests that some interference caused by serum compo-
nents is affecting the ELISA method here tested. On the other
hand, the total TTR concentration valuesmeasured by our LC–
MS method were significantly lower than the established
normal range (150–360 ng/μL) [38], suggesting a systematic
bias. Incomplete recovery of the immunoprecipitated TTR, or
incomplete digestion of the protein, could potentially account
for this discrepancy. In the described experiments to control
the immunoprecipitation procedure we found the recovery of

Table 4 – Absolute quantification of TTR by HR-XIC and
relative abundances of wt and V30M TTR by intact protein.

Samplea HR-XIC Intact protein

ng TTR/μL plasma

wt
TTR

V30M
TTR

Total
TTR

% wt %
V30M

% wt %
V30M

Sample 1 52.41 0.08 52.49 100 – 100 –
Sample 2 62.14 0.18 62.31 100 – 100 –
Sample 3 118.79 0.16 118.95 100 – 100 –
Sample 4 51.43 0.38 51.81 100 – 100 –
Sample 5 24.42 0.06 24.47 100 – 100 –
Sample 6 51.24 84.54 135.78 37.74 62.26 51.69 48.31
Sample 7 42.73 65.71 108.44 39.4 60.6 52.76 47.24
Sample 8 25.7 52.99 78.69 32.66 67.34 52.58 47.42
Sample 9 28.09 50.44 78.48 35.73 64.27 50.71 49.29
Sample 10 38.08 68.95 107.03 35.58 64.42 56.53 43.47

a Samples 1–5 correspond to wt individual human samples and
samples 6–10 to V30M individual human samples.

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

HR-XIC Intact HR-XIC Intact

%
 C

ys
 -1

0 
fo

rm

Free Cys S-Cys S-CysGly S-GSH

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

HR-XIC Intact HR-XIC Intact

%
 C

ys
 -1

0 
fo

rm

Free Cys S-CysGly S-GSH

A

B

Average Samples 1-5 Average Samples 6-10 Average Samples 1-5 Average Samples 6-10

0% 

20% 

40% 

60% 

80% 

100% 

HR-XIC Intact 

%
 T

TR
 fo

rm
 

% wt % V30M 
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rhTTR to be practically quantitative (Fig. 1). TTR capture from
plasma samples appeared to be also complete. However, it
cannot be completely ruled out that elution from the antibody
resin was less efficient from plasma samples. We also looked
at the time-course of tryptic digestion. Although the amount
of measured TTR by the LC–MS method showed no further
increase after 24 h of digestion, this again does not rule out
that TTR digestion is in fact incomplete. Other factors that
could potentially result in the observed discrepancy could be
the presence of modified TTR forms not prone to trypsin
digestion, such as glycation or carbonylation derivatives.
Troubleshooting of the ELISA procedure assayed, or checking
alternative ELISA assays available to clarify these discrepan-
cies is beyond the purpose of this work. Our results show that
the LC–MS method developed can be at least as sensitive and
robust as the usual immunological methods used, and give a
further insight into the detailed composition of different TTR
Cys-10 modified forms.

4. Conclusion

Two complementaryMSbasedmethods for the quantification of
the most common Cys-10 PTM isoforms of TTR in plasma or
serum have been set up. The targeted LC–MSmethod developed
here, unlike previously described methods, allows the absolute
quantification of the levels of each of the Cys-10 modifications,
as well as the absolute concentrations of wt TTR and the
amyloidotic V30M isoform. Intact protein analysis, on the other
hand, provides additional valuable information of the relative
distribution of the Cys-10 PTMs for wt and V30M proteins. It is
shown that the intact protein ions of the different isoforms
display large differences in response factors, which makes the
targeted LC-S analysis, using standard peptides, mandatory for
absolute quantification of their levels in serum. Overall, the
combined analysis by the two developed strategies constitutes a
robust method for the characterization of the PTM forms of TTR
in serum, which, when applied to the appropriate clinical
samples, can shed light into the relevance of these isoforms on
TTR amyloidosis.
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