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Short Communication
Pulmonary Vascular Amyloidosis in
Aged Dogs

A New Form of Spontaneously Occurring
Amyloidosis Derived From Apolipoprotein Al
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The N-terminus ofa mutantform of apolipoprotein
Al [apoAl] has previously been shown to be the sub-
unit protein of amyloidfibrils in a human kindred
with a form of familial amyloid polyneuropathy
(FAP, type III) and in a recently reported kindred
with aform ofnon-neuropathic hereditary amyloid-
osis. In this study, we demonstrate by amino-acid
sequence analysis, that a form of vascular amyloid-
osis occurring in the lungs of aged dogs is derived
from a N-terminal fragment of apoAI and that no
amino acid substitution is present in this confirmed
sequence. This represents the first documentation of
apoAI as a precursor for a form of amyloidosis in
animals, and provides the first documentation of
apoAM as a precursorfor amyloidfibrils in aform of
age-associated ("senile') amyloidosis. Secondary
structure prediction analysis of the N-terminal re-
gions of normal human and dog apoAM indicated a
propensity for p-pleated sheet conformation, and
thus amyloidogenesis, in 40 and 45% of the respec-
tive sequences. These results suggest that apoAM (like
transthyretin) may serve as an amyloid precursor
protein for both familial and senile forms of amy-
loidosis. ApoAI should, therefore, be considered as a
potential amyloid precursor when forms of human
senile amyloidosis ofunknown origin are evaluated
(AmJPathol 1992, 141:1013-1019)

Amyloid fibrils are derived from any one of at least 15
different proteins (ie, amyloid precursor proteins)1
present in blood or tissues. The amyloid precursor pro-
tein may be either a normal protein or an abnormal vari-
ant thereof, and the repetitive monomeric amyloid protein
incorporated into the amyloid fibrils may represent the
intact precursor or only an incomplete degradation frag-
ment of the precursor. The amyloidogenicity of many of
these various precursor proteins is known to be impor-
tantly linked to intrinsic molecular regions that have ap-
preciable p-pleated sheet conformation.2 However, ad-
ditional factors are involved in the conversion of a pre-
cursor protein to amyloid fibrils, and these factors vary
with each of the different forms of amyloidosis.

Of the known amyloid precursors, three are apoli-
poproteins that are associated with high-density lipopro-
teins (HDL) in plasma. Serum protein AA (ApoSAA)3'4 is
an acute phase reactant5 6 whose N-terminus constitutes
the repetitive subunit protein of the amyloid fibrils in AA
amyloidosis (eg, reactive or "secondary" amyloidosis).7
The N-terminus of a mutant form (glycine-* arginine at
position 26) of apolipoprotein Al (apoAl) is the subunit
protein of the fibrils in a form of familial amyloid polyneu-
ropathy (FAP, type III) in an Iowa kindred of English, Scot-
tish, and Irish descent,8- 10 and also in a more recently
reported form of non-neuropathic hereditary amyloidosis
in a Massachusetts kindred of Scandinavian descent.11
The amyloid protein in amyloidosis associated with se-
nescence-accelerated mice (SAM) is a mutant form
(proline-* glutamine at position 5) of apolipoprotein All
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(apoAl1),12 which is not enzymatically degraded before
its amyloidogenesis.13

In this study, we show that the amino acid sequence
of the major amyloid protein associated with a relatively
frequent form of vascular-associated amyloidosis in
lungs of aged dogs corresponds with the N-terminus (po-
sitions 1-71) of normal dog apoAl. This represents the
first documentation of apoAl as a precursor for amyloid
fibrils in animals, and also the first documentation of
apoAl as a precursor for amyloid fibrils in a form of age-
associated amyloidosis. It is thus evident that apoAl, like
transthyretin (prealbumin),14,15 is unique with respect to
its demonstrated involvement as a precursor for both fa-
milial and senile forms of amyloidosis.

Materials and Methods

Amyloid Isolation and Purification
Lung from a 14-year-old Springer Spaniel was confirmed
to have extensive and generalized vascular amyloid de-
posits that illicited characteristic green birefringence
when viewed with polarized light after staining with
Congo red and/or Congo red-Sirius red technique (Fig-
ure 1).16 The deposits were shown not to be consistent
with AA amyloid on the basis that they retained Congo-
philia and birefringence after oxidation with potassium
permanganate and dilute sulfuric acid,17 and also gave
no immunoreactivity (PAP: peroxidase antiperoxidase
method) with a previously characterized antiserum to pu-
rified canine protein AA.18

Portions of the lung were frozen and stored at - 20° C
until they were used for amyloid isolation and purification.
Amyloid fibrils were obtained by a modification of the
water extraction procedure of Pras et al.19 Briefly, the
thawed tissue was homogenized eight times in normal
saline containing 0.05 mol/l sodium citrate, followed by
six homogenizations in distilled water. The bottom pellet
material obtained from the final homogenization con-
tained the most amyloid and was used for further purifi-
cation procedures. Lyophilized pellet material was defat-
ted in chloroform and methanol (2:1), and 100 mg of the
defatted material was dissolved in 6 ml of 6 mol/I guani-
dine-HCI in 0.1 mol/l Tris-HCI buffer (pH 8.0) containing
0.1 mol/l dithiothreitol. The dissolved material was gel fil-
tered on a Sepharose 6B-CL column eluted with 5 mol/I
guanidine-HCL in distilled water. The elution profile was
monitored at 280 nm, and fractions 52-54 were pooled
and dialyzed against deionized water and then lyo-
philized.

Electrophoresis and Isoelectric Focusing
Gradient (10-20%) polyacrylamide slab gel electropho-
resis was performed in the presence of sodium dodecyl

sulphate (SDS-PAGE).20 Analytic isoelectric focusing
(AIF) was done as previously described.21

Protein C/eavage and Amino Acid
Sequence Analysis

N-terminal amino acid analysis was completed with an
automatic sequence analyzer (Applied Biosystems
Model 477A, Foster City, CA), and the amino acid deriv-
atives were determined on line with an Applied Biosys-
tems 1 20A PTH amino acid analyzer. The amyloid protein
was cleaved using BPNS-skatole in excess,22 with L-ty-
rosine added in excess to protect tyrosine and histidine
residues. The BPNS-skatole cleaved peptides, and also
those obtained by cleavage with trypsin, were purified by
reversed-phase HPLC for subsequent sequence analy-
sis.

Secondary Structure Prediction

The propensity for 3-pleated sheet conformation for local
groups of residues in the N-terminal regions of normal
human (positions 1-83) and dog (positions 1-71) apoAl,
and also the N-terminus of variant human apoAl (posi-
tions 1-83) with arginine at position 26, was determined
using the Molecular Biology software program (suite 5.4)
of IntelliGenetics, Inc, Mountain View, CA. This program
utilizes the method of Chou and Fasman,2324 which is
reported to have up to 70% accuracy in secondary struc-
ture prediction.

Immunohistochemistry

The pulmonary amyloid deposits were evaluated (with
and without 20-minute pretreatment with concentrated
formic acid25) (Fisher Scientific, Fair Lawn, NJ) for apoAl
immunoreactivity using the PAP method26 and rabbit an-
tiserum (1:1 00-1:400) to human apoAl (Calbiochem Cor-
poration, La Jolla, CA). Negative controls included re-
placement of the primary antiserum with nonimmune se-
rum, and application of the primary antiserum to paraffin-
embedded sections of dog systemic amyloid previously
confirmed to be of AA type.18

Results

Gel filtration of the amyloid fibrils dissolved in 6 mol/I gua-
nidine HCI revealed one major retarded peak (Figure 2)
representing approximately 2 mg of protein. SDS-PAGE
of this amyloid protein produced several low molecular
weight bands (Figure 3A) with Mr varying between ap-
proximately 6 and 14 kda. AIF (pH 9.5-3.5) revealed mul-
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Figure 1. Extensive Congophilic
acmylvoid deposits (A, C) are
present in the media of pulmo-
nan', blood vessels, and cbaracter-
istic green hirefringence (B) is ev-
ident when these Congo red-
stained amYloid deposits are
zvieuwed with polarized light. 7he
Congophilia and green birefrin-
gence were retained after oxida-
tion witb potassium permanga-
nate and dilute sulfuric acid. A
XI100; B and C = x250.

tiple protein subspecies with acidic (pH 5.0-3.5) isoelec-
tric points (Figure 3B).

N-terminal sequence analysis of the intact amyloid
protein before cleavage elucidated a 17 amino acid se-
quence that was identical with positions 2-18 of normal
canine apoAl. Position 1 was not identified due to back-

ground. Sequence analysis of peptide segments ob-
tained by cleavage with BPNS-skatole (identified as
BPNS 1, 2, and 3) and trypsin (identified as T 1, 3, 5, 6, 7,
8, and 9) provided additional overlapping sequences
conforming to positions 1-71 of canine apoAl (Figure 4).
Additionally, a partial sequence, representing positions
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Figu re 2. Elution profile obtained by gelfiltration ofthe dissolved
amyloid fibils on a Sepharose 6B-CL column. Fractions 52-54
(representing the major retardedpeak) werepooled, dialyzed, and
lyophilizedfor subsequent analyses.

77-80 of normal dog apoAl, was obtained from a minor
trypsin-cleaved peptide. The entire sequence obtained is
identical to that of canine apoAl,27 with no evidence of
amino acid substitutions.

For normal human apoAl, the Chou and Fasman al-
gorithms predicted a propensity for ,-pleated sheet con-

formation at positions 13-22, 29-33, 41-47, 53-57, and
67-72. Identical propensities for ,-pleated sheet confor-
mation were obtained for the variant form of human apoAl
with substitution of arginine for glycine at position 26. A
propensity for a-pleated sheet conformation in dog apoAl

.;.

W,

Figure 3. SDS-PAGE (A) and AIF (pH 9.5-3.5) (B) of the amyloid
protein (fr-action-s 52-54) isolatedfrom dog lung SDS-PAGE (A)
reveals amyloidproteins (lane 1) With Mr varying between approx-

imzately 6-14 kda. Mr markers (lane 2) are bovine serum albumin

(67 kda), ovalbumin (43 kda), soybean trypsin inhibitor (20.5

kda), srysozyme (14.4 kda), and aProtinin (65 kda). Heterogeneity
is also indicated by multiple protein subspecie-s with acidic (pH
5.0-3.5) isoeleciric points (B) (anode is down).

is evident at positions 12-18, 26-32, 40-46, 55-59, and
66-71.

The pulmonary amyloid deposits did not show any
immunoreactivity with antiserum to human apoAl, even
when the PAP method was performed with tissue sec-
tions pretreated for 20 min with concentrated formic acid.

Discussion

Systemic AA amyloidosis, occurring secondary to a va-
riety of disease processes and predominantly affecting
the kidneys, liver and spleen, is the most commonly doc-
umented form of amyloidosis in dogs and other domes-
ticated animals.18'28 However, we have repeatedly ob-
served the occurrence of a type of amyloid in aged dogs
(usually over 10 years of age) of multiple breeds that is
not histochemically or immunohistochemically consistent
with AA amyloid (KH Johnson et al, unpublished obser-
vations). These amyloid deposits, which predominate
within the tunica media of blood vessels in the lung (and
sometimes heart), are Congophilic after oxidation with
potassium permanganate and dilute sulfuric acid and do
not immunoreact with antiserum to canine AA amyloid.
However, in subsequent studies of lung tissues from 5
dogs over 10 years of age, we have observed that pul-
monary vascular amyloid deposits with these character-
istics do immunoreact strongly with antiserum to the pu-
rified N-terminal apoAl amyloid protein characterized in
the present study. Vascular amyloid with the same histo-
chemical characteristics was previously reported to oc-
cur in the lung of a 1 6-year-old dog29 but the immunore-
activity and chemical nature of the amyloid deposits were
not determined.

The results of this study are new in several respects.
For example, this represents the first documentation of
apoAl as a precursor for a form of amyloidosis in animals
and the first documentation of apoAl as a precursor for
amyloid fibrils in a form of age-associated ("senile") am-
yloidosis. The only other documentation of apoAl-derived
amyloidosis are forms of familial amyloidosis reported to
occur in two different human kindreds.9'10 The subunit
proteins of amyloid fibrils associated with both of the af-
fected human kindreds have been shown to be N-termi-
nal fragments of a mutant form of apoAl, with an arginine
for glycine substitution at position 26. The 9 kda amyloid
protein in the Iowa kindred represents an 83 amino acid
N-terminal fragment of the mutant apoAl.9 A slightly
larger (11 kda) apoAl N-terminal fragment was identified
as the amyloid protein in the Massachusetts kindred, but
this amyloid protein was sequenced only through posi-
tion 33.10

The presence of several bands with both SDS-PAGE
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Figure 4. Comparison ofN-terminal regions ofapoAlfrom the normal human and normal dog, and the confirmed amino acid sequence
of the dog amyloid protein. Human apoAl has an extra amino acid residue (ie, proline atposition 4 proline atposition 4). The confirmed
sequence of the dog amyloid protein (solid line, positions 1-71), which is identical to normal canine apoAl, was obtained by N-terminal
sequencing of the intact protein (= = = =) and by sequencing ofpeptides obtained by cleavage with BPNS-skatole (----) and t?ypsin (- - -
Arrowheads (>>>>) indicate confirmed residues within each of the respective peptide segments.

and AIF suggests the presence of several subspecies of
amyloid protein. This may reflect different sites of cleav-
age of the dog apoAl precursor protein, which is also
supported by our demonstration of a minor trypsin-
cleaved peptide that had four identified residues con-
forming to positions 77-80 of normal dog apoAl. The
presence of several different subspecies of amyloid pro-
tein resulting from variable cleavage sites is also seen in
human AA amyloidosis.21'30,31

Immunoreactivity with antiserum to human apoAl was
not observed even when the vascular amyloid deposits
present in sections of lung from this dog were pretreated
with concentrated formic acid. This is not surprising in
that there is substantial (-15%) amino acid variation ev-
ident when either the 71 amino acid N-terminal or com-
plete sequences of human and dog apoAl are com-
pared. Also the apoAl antiserum used in this study was
raised to intact human apoAl, and it is not known whether
this antiserum contains antibodies corresponding to an-
tigenic epitopes associated with the 71 amino acid N-ter-
minus of dog apoAl.

ApoAl is synthesized in both the liver and small intes-
tine and represents the major protein in HDL.27 It is the
major activator for the enzyme lecithin:cholesterol acyl-
transferase (LCAT).32 Human apoAl (243 amino acid res-
idues) is composed of one more amino acid residue than
dog apoAl.27 This difference is reflected by a duplication,

in human, of codon 3 which encodes proline. Proline res-
idues are therefore present at both positions 3 and 4 of
human apoAl (Figure 4).

It has been suggested that the structure of apoAl
does not predict an amyloidogenic protein10 in that apoAl
has been shown to have six 22 amino acid repeats that
are able to assume amphiphilic a-helical conforma-
tion.3'-' These repeats are in the C-terminal 75% of the
molecule, and the N-terminal 83 amino acid apoAl pep-
tide found in the associated human amyloid fibrils con-
tains one 22 amino acid a-helix at the C-terminus of the
peptide.1033 The secondary structure for the remainder
of the N-terminal peptide was reported to be not well
defined. However, we used secondary structure predic-
tion analysis according to Chou and Fasman23,24 to help
further evaluate the potential comparative amyloidoge-
nicity of the N-terminal regions of normal human and dog
apoAl. This analysis predicted a propensity for ,B-pleated
sheet conformation in five regions of the N-terminus of
both human (positions 1-83) and dog (positions 1-71)
apoAl. These regions of predicted ,-pleated sheet con-
formation represent 40% and 44% of the respective hu-
man and dog N-terminal apoAl peptide sequences.

The results point to an interesting similarity between
apoAl- and transthyretin (TTR)-derived amyloidosis. It is
apparent that apoAl, like TTR, may serve as an amyloid
precursor in two major categories of amyloidosis. One
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category encompasses the familial amyloidoses where
mutant precursors lead to amyloid deposition. In the
other category, the senile amyloidoses, unknown aging
factors are involved in the amyloidogenesis of normal
protein precursors.35 ApoAl should be considered as a
potential amyloid precursor when evaluating forms of hu-
man senile amyloidosis of unknown origin.

Note Added in Proof

While this article was in press, a form of non-neuropathic
systemic amyloidosis in an English family was reported to
be derived from N-terminal fragments (88 to 94 residues
in length) of a mutant form of apoAl with a substitution of
arginine for leukine at position 60 (Proc Natl Acad Sci
USA 1992; 88:7389-7393).
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