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To determine the behavior of transthyretin (TTR) in
blood circulation, TTR purified from normal subjects’
plasma was injected to rats, and blood and urine were
collected time dependently. Although TTR in plasma
was proven to be a predominantly cysteine (Cys) con-
jugated form by electrospray ionization mass spec-
trometry (ESI-MS) analysis, it was gradually con-
verted into free, 32 Da (dihydroxylation), 80 Da
(phosphorylation), and 306 Da (glutathionylation), in-
creased forms in molecular weight of TTR. The plasma
levels of TTR were decreased in a time-dependent
manner with the half life of 72.4 min. No secretion of
TTR into the urine was observed by ESI-MS. In conclu-
sion, this method can be simply performed without
loading a radioactive molecule to the targeted protein.
It offers a possibility to determine natural protein be-
haviors in the blood stream. © 1998 Academic Press

Among the hereditary systemic amyloidosis, familial
amyloidotic polyneuropathy (FAP) Met30, is the most
common (1, 2). The disease is characterized by a pro-
gressive painful peripheral neuropathy, though symp-
toms from the gastrointestinal tract, heart, kidney, eye,
and the autonomic nervous system are also present.
FAP Met30 is concentrated to restricted endemic areas,
such as the northern part of Sweden, the Arao and
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Nagano districts of Japan, and the northern part of
Portugal (1-4). Although FAP Met30 is the most com-
mon type of FAP, more than 60 reports of other single
or double amino acid substitutions of transthyretin
(TTR) exist (5), of which the majority is associated with
various clinical manifestations of amyloidosis (6-8).
Some of the non-TTR Met 30 related amyloidosis is
sporadic and not restricted to small endemic areas (6,
7), and has therefore been difficult to diagnose and
classify. Moreover, the clinical symptoms may differ
from the most common forms of TTR related amy-
loidosis, FAP Met30 (8, 9). Thus, metabolism or behav-
ior of TTR may differ in each mutant protein in the
body.

Two techniques for analyzing variant forms of pro-
teins are available, matrix-assisted laser desorption
ionization/time-of-flight mass spectrometry (MALDI/
TOFS) and electrospray ionization mass spectrometry
(ESI-MS). The latter technique is often combined with
high performance liquid chromatography (HPLC). It
has previously been reported that abnormal alpha and
gamma chain and variant forms of proteins were de-
tected by MALDI/TOFS (10, 11) and HPLC/ESI-MS
(12), respectively. Recently, we have developed a rapid
and reliable screening method for identifying genetic
variants of TTR in FAP by using a centrifugal concen-
trator device and ESI-MS (13). With this method, sev-
eral components of TTR, such as unmodified, phosphor-
ylation, cysteinylation, glutathionylation forms of wild
type and Met30 TTR were observed in healthy control
subjects’ and patients’ sera (13, 14). We can determine
the changes in protein modifications in cerebro-spinal
fluid as well as plasma with that method (13, 14).

The purpose of the present study is to determine
the behavior of purified TTR in vivo. By ESI-MS, the
changes in the modifications and a half life of TTR were
examined in plasma and urine after injecting purified
human TTR to rats.
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MATERIALS AND METHODS

Animals. Male Wistar rats weighing 250-300 g used for all the
in vivo experiments were obtained from Japan SLC (Shizuoka, Ja-
pan). All efforts were made to minimize animal suffering, to reduce
the number of animals used, and to utilize alternatives to in vivo
techniques.

Purification of normal TTR from sera. Fraction IV(Fr. 1V) was
purified from 200 | of normal human plasma by Cohn'’s ethanol frac-
tion method. The source plasma met the standards then in effect for
source plasma (negative for hepatitis B surface antigen, anti-hepati-
tis C antibody, and anti-HIV-1-antibody, and alanine aminotransfer-
ase level less than twice of the upper limit of normal). Ten kg of Fr.
IV was suspended in 30 | of 0.15 M NacCl, 0.02 M Tris-HCI buffer,
pH 7.6, and the mixture was stirred for 1 h at 4°C. After filtration
using a filter (TOYO-roshi No. 2, Japan) with celite, the pH of the
collected filtrate was adjusted again to pH 7.6, at 4°C, and the solu-
tion was kept at 60°C for 10 h to inactivate viruses. After the incuba-
tion, the pH of the solution was readjusted to pH 7.6, 150 g/l of
polyethyleneglycol 4000 (Pharmacia, Uppsala, Sweden) was added
and stirred for 1 h at 4°C. Then, the mixture was centrifuged at 4000
rpm for 30 min to separate the precipitate. The pH of the supernatant
was adjusted to 7.6. One kg of DEAE-Sepharose fast flow (Pharmacia,
Uppsala, Sweden) was added to this solution and mixed. The resin
was then washed with 3 resin volumes of 0.02 M Tris, 0.1 M NacCl,
pH 7.6, on a glass filter. After washing, 1 | of 0.02 M Tris, 0.5 M
NacCl, Tris-HCI buffer, pH 7.6, was used to elute the TTR. After the
procedure, 175 g/l of NaCl was added to the TTR elution and the pH
was readjusted to 7.6. 1.5 kg of Phenyl-Sepharose High Performance
(Pharmacia, Uppsala, Sweden) was added to the TTR containing
mixture. The resin was washed with three resin volumes of 0.02 M
Trs, 3 M NaCl, pH 7.6 on a glass filter. The TTR containing fractions
were collected as the pass through and the resulting solution was
concentrated and dialyzed by ultrafiltration (Model Minisette, 10 kD-
OMEGA, Filtron, USA).

In vivo experiment. In vivo experiments were performed between
8:00 AM and 12:00 noon after the rats fasted for 12 h. Under pento-
barbital anesthesia (50 mg/kg body weight), heparinized animals
(1000 u/kg body weight) were intravenously administered with 3 mg/
200 pl saline of TTR into left femoral vein. At varying times after
administration, 0.1 ml of blood samples was collected from the left
femoral vein. After 3 h of administration, animals were exsangui-
nated by bleeding from the lower part of the abdominal artery.

TTR isolation from the rats’ sera. Fifty milliliters test serum was
mixed with 20 ml of anti-TTR antibody (Dako, Dakopatts, Glostrup,
Denmark). The generated precipitate was centrifuged at 9000g for
5 min and washed with 100 ml water three times at 4°C. The precipi-
tate was dissolved in 50 ml of 4% acetic acid and 4% acetonitrile in
water and the solution was passed through a 1000 kDa centrifugal
concentrator (Pall Filtron Co., Northborough, MA, USA) to obtain
the dissociated TTR from the antibody in the pass through fraction.
The centrifugal devices were washed 3 X 100 ml with the same
solution.

Plasma half life of TTR. Amount of injected TTR in plasma of
rats in each time spot was determined by measuring the intensity of
ESI-MS data. A plasma half life was determined by semilogarythmic
plotting of each data.

Mass spectrometry. The ion spray mass analysis were performed
in a API | single quadrupole mass spectrometer (Sciex, Perkin-Elmer
Corp., Thornhill, Ontario, Canada). The samples were infused at 5 ml
min~* with a Harvard Apparatus syringe pump (Harvard Apparatus,
Southnatick, Massachusetts, USA) into the ion spray interface. The
spray chamber was maintained at 54°C during the analysis, and
orifice voltage between 70 and 80V. The spectra were acquired in
the positive mode with a step size of 0.5 mm and a dwell time of 1.0
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FIG. 1. Analysis of purified protein by ESI-MS. The purified pro-
tein was charged to ESI-MS as described in the text. (A) Free form,
(B) Cys-conjugated (cysteinylation), and (C) sodium conjugated forms
of TTR (13).

msec per step. Molecular masses of the HPLC isolated peptides were
determined with MacSpec 3.3 (Sciex software). In most cases the
saved spectra were obtained by summing 10 spectra in the multi-
channel analyzer mode.

RESULTS

Preparation of purified normal TTR. Wildtype TTR
was prepared from bacterial- and viral- free normal
subjects’ sera as described above. SDS gel electrophore-
sis revealed that in the presence of mercaptoethanol,
monomer of TTR were mainly recognized and no other
special proteins were contaminated (data not shown).
The purity of TTR was calculated to be more than 95%
by high performance liquid chromatography (HPLC)
analysis. By the analysis of ESI-MS, the peak of 13881
Da (Cysteinylation of TTR) was predominantly de-
tected (Fig. 1).

Detection of TTR in rats’ sera. The purified human
TTR injected from the left femoral vein of rats was
detected in plasma. The several peaks, such as 13715,
13792, 13840, 13938, and 14067 Da in molecular
weights were detected after injection of TTR (Fig. 2).
The peak of 13881 Da in molecular weight of the puri-
fied protein was gradually decreased after the injection
and peaks of 13761, 13840, and 14067 Da were in-
creased as time-dependent manner (Fig. 3). No obvious
peaks were detected in urinary samples (data not
shown).
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FIG. 2. A typical serum pattern at 180 min after TTR injection. (A) Unknown peak, (B) free form, (C) dehydration, (D) phosphorylation,

(E) cysteinylation, and (F) glutathionylation of TTR.

Fate of intravenously administered TTR in rats. To
determine the plasma half life of TTR, blood was col-
lected as described above. TTR administered to rats
was decreased from the blood circulation time-depen-
dent manner and by the semilogarythmic plotting the
data revealed 72.4 min of the plasma half life (Fig. 4).

DISCUSSION

We have presented in this report that TTR modifica-
tions and the plasma half life could be determined in
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FIG. 3. Change in TTR modifications in rats. O, cysteinylation;
@, glutathionylation; [J, phosphorylation; and #, free forms of TTR.
The data were expressed as the average SD of three animals.
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rats’ sera by ESI-MS. We previously reported the
plasma half life and organ distributions of human TTR
by injecting **I-labeled purified human TTR to rats
(15). Compared with those data, the plasma half life
was significantly shorter and no TTR could not be de-
tected in the urine in this examination. It is well docu-
mented that TTR forms tetramer and undergoes no
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FIG. 4. Fate of injected TTR in blood. Three milligrams of puri-
fied human TTR was injected from the left femoral vein of rats. The
data were expressed as the average SD of three animals. From the
semilogarythmic plots of the data, a value of 72.4 min was calculated
for the serum half life of TTR in the circulation of rats.
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glomerular filtration in normal state (16). Since sig-
nificant portion of **°I can be dissociated form **I-TTR
in blood stream, there is a possibility that free form of
1251 with no TTR could be counted as **°I-TTR in the
urine in the previous paper (15, 17).

The method employed in this experiment can detect
the real protein behavior. We can check the native pro-
tein behavior without loading an additional molecular
weight of a radioisotope and epitope to conjugate a ra-
dioactive molecule to a protein, so possible change in
an artificially modified behavior and unnatural metab-
olism of a protein can be eliminated. Since the rat TTR
shows about 80 % homology of the protein structure,
human TTR injected to rats mimics human TTR behav-
ior in human body (18).

It should be noted that, until now, more than 60
points of single or double amino acid substitutions of
TTR exist (5, 19) and clinical symptoms vary depending
on the specific forms of TTR mutations, although poly-
neuropathy is the dominating feature (8, 9). This indi-
cates that the affinity of mutated TTRs for the amyloid
targeted organs varies for only the difference of one
point TTR mutation. Thus, a loading of extra molecules
on the examining protein may be critical for determin-
ing the protein behavior.

By ESI-MS, various TTR modifications could be de-
termined: According to the previous reports, 13761,
13792, 13840, 13938, and 14067 Da in molecular
weights correspond to free form, dihydroxylation, phos-
phorylation, Cysteine-Gly conjugation, and glutathio-
nylation forms, respectively (20, 21). The increase in
glutathionylation after injecting the protein may be ex-
plainable because the activity of-GTP is less in rats
than that of human, resulting in the increase in this
type of modification (22). However, the reason why free
and phosphorylation forms of TTR was increased after
injection of TTR is not known. Especially, the increase
in the peak of phosphorylation was more obvious in
turpentine injected rats (data not shown). This infor-
mation suggests that an increase in this peak may be
correlated with inflammation in vivo. Extracellular
phosphorylation has been focused in the recent re-
search (23). By unknown mechanism(s), TTR may un-
dergo phosphorylation in the circulation of rats. Fur-
ther examination should be needed to clarify this con-
cept.

Since the employed antibody showed a little affinity
for intrinsic rat's TTR (24), the peaks for reflecting on
the rat’s TTR could not be detected by this method. We
may be able to determine the rat's intrinsic proteins’
behavior if suitable antibodies were available or could
be produced.

In conclusion, this method can be performed without
labeling a targeted protein with a radioactive molecule
and epitope to conjugate a radioactive molecule to a
protein. The method is simple and offers a possibility

29
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to determine natural protein behaviors in the blood
stream. Other proteins should be possible to detect in
serum by the presented method if suitable antibodies
were obtained.
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