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Abstract Apart from exhibiting the presence of lipoprotein [a] 
in its plasma, another interest of the European hedgehog in 
lipoprotein research lies in the quantitative prominence of a 
complex spectrum of high density lipoproteins (HDL) and very 
high density lipoproteins (VHDL) as cholesterol transporters in 
plasma (Laplaud, P. M. et al. 1989. Biochim. Bzophys. Acta. 1005: 
143-156). We, therefore, initiated studies in the field of reverse 
cholesterol transport in the hedgehog. As a first step, we charac- 
terized apolipoprotein A-I (apoA-I), the main protein compo- 
nent of hedgehog HDL and VHDL. Proteolytic cleavage of 
apoA-I (M, approx. 27 kDa) using two different enzymes 
resulted in two sets of peptides that were subsequently purified 
by high performance liquid chromatography, and that allowed 
us determination of the complete protein sequence. Hedgehog 
apoA-I thus consists of 241 amino acid residues and exhibits an 
overall 58% homology to its human counterpart, i.e., the lowest 
value observed to date among mammalian species. However, it 
retained the general organization common to all known apoA-Is, 
i.e., a series of amphipathic helical segments punctuated by pro- 
line residues. Circular dichroism experiments indicated a helical 
content of approx. 45%, increasing to approx. 58% in the 
presence of lecithin unilamellar liposomes. Apart from other 
differences, amino acid composition analysis shows that hedge- 
hog apoA-I contains four isoleucine residues, while this amino 
acid is totally absent from the corresponding protein in higher 
mammals. Polyclonal antibodies raised against hedgehog apoA-I 
failed to detect any cross-reactivity between the animal and hu- 
man proteins, although comparative prediction of the respective 
antigenic structures using the Hopp-Woods algorithm indicated 
that several potentially antigenic sites may occur in similar 
regions of the protein. Finally, hedgehog apoA-I was shown to 
be able to activate 1ecithin:cholesterol acyl transferase, although 
it was 4 to 5 times less efficient in this respect than the human 
protein.-Sparrow, D. A., P. M. Laplaud, M. Sahureau, G. 
Zhou, P. J. Dolphin, A. M. Gotto, Jr., and J. T. Sparrow. 
Plasma lipid transport in the hedgehog: partial characterization 
of structure and function of apolipoprotein A-I. J. Lipid Res. 
1995. 36: 485-495. 
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The European hedgehog is a species of considerable in- 
terest in lipoprotein research. Indeed, we have demon- 
strated (1) that this hibernator is among the few species 
whose plasma contains lipoprotein [a] (Lp[a]), a 
lipoprotein particle with highly probable implication in 
both atherogenesis and thrombosis (2-4). In addition, we 
have demonstrated (5) that the plasma lipoprotein spec- 
trum of the hedgehog included another unusual feature, 
i.e., the occurrence of considerable amounts of VHDL, 
defined as particles with hydrated density 1.162-1.259 
g/ml. These latter lipoproteins appeared heterogeneous 
and subject to season-dependent changes in both their 
distribution and chemical composition (6). During sum- 
mer, which is the period of the year when the hedgehog 
is constituting fat stores before hibernation, VHDL ap- 
peared responsible for the transport of as much as 25% 
of total plasma cholesterol, while this value decreased to 
about 10% by the end of winter. For its part, the spectrum 
of HDL-like lipoproteins displayed a variety of particles 
with considerable size heterogeneity according to density 
(6) and exhibited in SDS gels the presence of a protein 
with apoA-I-like M, as their prominent apolipoprotein 
component. This spectrum extended down to hydrated 
densities as  low as 1.030 g/ml, approximately, during the 
fall, but only to about 1.080 g/ml in late spring, and 
preliminary results obtained in this laboratory revealed 
that such seasonal changes were equally present with 

Abbreviations: HDL, high density lipoproteins, density as defined; 
VHDL, very high density lipoproteins, density as defined; apo, 
apolipoprotein; EDTA, ethylene diamine tetraacetic acid; PMSF, 
phenylmethylsulfonyl fluoride; TFA, trifluoroacetic acid; TLC, thin- 
layer chromatography; LCAT, 1ecithin:cholesterol acyl transferase; 
DMPC, dimyristoyl phosphatidylcholine; HPLC, high performance li- 
quid chromatography; CD, circular dichroism. 
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regard to lipid composition (Laplaud, P. M., unpublished 
results). Considering the fact that the hedgehog exhibits 
seasonal variations of large amplitude of many biological 
parameters (see ref. 6 for a review), and especially of thyroid 
and male sex hormones (7), it appears that this species is 
of obvious interest for studies on the hormonal regulation 
of the metabolism of HDL and VHDL subfractions. 

Such experiments are especially relevant with respect to 
reverse cholesterol transport (8, 9) and the characteriza- 
tion of particles specifically responsible for the so-called 
“protective role” of HDL against ischemic cardiovascular 
disease. Indeed, studies in this field have shown the phys- 
iological importance of various apoA-I-containing HDL 
subfractions, including some with electrophoretic pre- 
beta mobility and/or whose density corresponds at least 
partly to the VHDL range (10-12). These results have 
prompted us to initiate experimental work directed 
towards hedgehog HDL and VHDL structural and meta- 
bolic analysis. As a first step, we report in the present 
manuscript on the structural and functional characteriza- 
tion of the main apolipoprotein present in these particles, 
apoA-I. 

MATERIALS AND METHODS 

Animals and diets 
Male adult hedgehogs were caught in the fields sur- 

rounding the Centre &Etudes Biologiques de Chizt, lo- 
cated in western central France. They were kept individu- 
ally in 6 m2 parks under natural conditions of light, 
temperature, and rainfall. The animals were fed daily 
with a mixture of crushed chicken meat and commercial 
food for dogs (Canina Duquesne-Purina) containing the 
following proportions by weight of the major constituents: 
protein, 20%; animal fat, 6%; carbohydrate, 5%; vitamin 
A, 15,000 I.U./kg; vitamin DS, 1,500 I.U./kg. Water was 
provided ad libitum. 

Blood specimens 
All the experiments reported in the present study were 

performed on blood samples obtained between April and 
mid-September from active animals. In each case, blood 
was taken from hedgehogs that had been fasted overnight 
for approximately 18 h. The animals were slightly 
anesthetized with fluothane (IC1 Pharma) in oxygen, and 
blood was withdrawn by heart puncture. 

Blood was collected on EDTA (final concentration 1 
mM). Plasma was then separated by low-speed centrifu- 
gation at 4OC, and sodium azide (0.01%) and the proteo- 
lytic inhibitor PMSF (final concentration 1 mM) were ad- 
ded immediately. In every series of experiments, all 
manipulations leading to the purification of apoA-I were 
performed as quickly as possible. 

Purification of hedgehog apoA-I 
Hedgehog HDL (d 1.100-1.210 g/ml) were obtained by 

sequential ultracentrifugal flotation according to estab- 
lished procedures (13), in an MSE Prepspin 50 
ultracentrifuge (MSE Scientific Instruments, Crawley, 
UK), using an MSE 8 x 14 ml aluminum fixed-angle ro- 
tor. Lipoproteins were subsequently dialyzed (l), delipi- 
dated with ethanol-diethyl ether 3:l (dv)  (14), and the 
apolipoprotein residue was dried under nitrogen. 

Apolipoprotein A-I was isolated using preparative elec- 
trophoresis according to the methodology of Stephens 
(15). For this purpose apolipoproteins were dissolved to a 
concentration of 3 mg/ml in a 0.05 M phosphate buffer 
(pH 8.2), containing 4% SDS; a 100 pl aliquot was dan- 
sylated according to the technique of Talbot and Yphantis 
(16). The dansylated aliquot was mixed with the bulk of 
the sample, and the mixture was heated at 90°C for 3 
min. The apolipoprotein solution was then dialyzed in 
Spectrapor tubing (exclusion limit 3,500) against 2.5 mM 
Tris-glycine containing 0.1% (w/v) SDS, pH 8.3 at room 
temperature for 3 x 12 h. After addition of 50 pl of 
bromophenol blue as a tracking dye, aliquots containing 
1 mg protein were placed on polyacrylamide gels (7.5% 
monomer; 1.5 cm in diameter and 10 cm long) containing 
1% SDS. Electrophoresis was then carried out at 300 V 
(about 7 mA/gel) and 15OC; migration was monitored by 
UV illumination in the dark. Gels were subsequently re- 
moved from the glass tubes and bands corresponding to 
apoA-I were sliced out. Slices were stacked in a similar 
glass tube which was then tied to a dialysis bag of Spec- 
trapor tubing (exclusion limit 3,500). Electrodialysis was 
carried out in the same electrophoresis chamber as above 
for approx. 3-4 h at 150 V and 15OC, using a buffer solu- 
tion of 2.5 mM Tris-glycine containing 0.1% SDS. On 
completion, the fluorescent content of the dialysis bag was 
recovered and exhaustively dialyzed against a solution of 
5 mM NH4HC03. The protein solution was then lyophilized. 

Analytical electrophoresis 

The molecular weight of hedgehog apolipoprotein A-I 
was estimated using gradient gel SDS-polyacrylamide 
electrophoresis on Excel Gel SDS, 8-18% monomer con- 
centration (Pharmacia, Uppsala, Sweden). Gel calibra- 
tion was performed using Low Molecular Weight protein 
calibration kit (Pharmacia). 

Immunological studies 
Double immunodiffusion was performed on glass slides 

according to Ouchterlony (17) in 1.2% agarose in a 0.05 
M veronal buffer at pH 7.2. After 24 h at 37OC, slides 
were washed for 48 h in saline, dried in air, and then 
stained for protein with Amido black. Human apoA-I 
used in these studies was from Sigma (St. Louis, MO) 
and sheep monospecific antiserum to human apoA-I was 
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from Immuno AG (Vienna, Austria). A monospecific an- 
tiserum to purified hedgehog apoA-I was raised in rabbits 
and its specificity was verified by immunoelectrophoresis. 

Sequence analysis 

Enzymatic hydrolysis with arginylendopeptidase. One milli- 
gram of hedgehog apoA-I was dissolved in 200 pl 50 mM 
Tris-HC1 buffer, pH 8.0, in a microfuge tube and 20 units 
arginylendopeptidase (Takara Biochemical Inc., Berkeley, 
CA) was added. The digestion was performed at 37OC for 
18 h, and the reaction was terminated by the addition of 
1 ml 0.1% TFA in 6 M guanidine hydrochloride. The 
hydrolysate was subjected to HPLC fractionation as described 
below. 

Enzymatic hydrolysis with endoproteinme Asp-N. One milli- 
gram hedgehog apoA-I in 200 pl 0.1 M Tris-HC1 buffer, 
pH 8.0, was added to a microfuge tube containing 2 pg 
endoproteinase Asp-N (sequencing grade, Boehringer 
Mannheim, Indianapolis, IN) (substrate:enzyme ratio = 

2509). The mixture was incubated at 37OC overnight (18 
h); the hydrolysate was then subjected to HPLC fractio- 
nation after the addition of 1 ml 0.1% TFA, 6 M guani- 
dine hydrochloride. 

Peptide purifzcation by HPLC. The peptide mixture was 
purified on a Spectra Physics 8000B HPLC with a Vydac 
214TP1010 column (1.0 x 25 cm) (The Separations 
Group, Hesperia, CA) and a linear gradient of 0.1% TFA 
and 2-propanol (Burdick and Jackson, Muskegon, MI) 
from 0 to 70% over 1 h at a flow rate of 5 ml per min. 
The column temperature was set to 3OoC and the eluted 
peptides were detected at 220 nm. The eluent under each 
peak was collected manually and prepared for gas phase 
sequence analysis by evaporation in a Speed-Vac. 

Automatic sequence analysis. The peptides isolated by 
HPLC were dissolved in TFA and transferred to a 
Biobrene-treated glass filter. Automated sequence analy- 
sis was performed with an Applied Biosystems Model 477 
Gas Phase Sequencer connected to a 120 PTH amino acid 
analyzer using the programs supplied with the instrument 
(Applied Biosystems, Inc., Foster City, CA). 

Analysis of sequence data. Sequence alignment of the 
different apoA-Is compared was performed using the 
method of Altschul and Erickson (18). The evolutionary 
tree for apoA-I was constructed using calculations 
described by Klotz and Blanken (19). 

2003. The mixture was incubated at the transition tem- 
perature overnight and the C D  spectrum was recorded as 
above. The C D  spectra were analyzed for secondary 
structure using the program of Chang, Wu, and Yang (20). 

Activation of 1ecithin:cholesterol acyl transferase 

Proteoliposomes were prepared by the cholate dialysis 
method essentially as reported by Chen and Albers (21). 
The molar ratios were egg 1ecithin:cholesterol:apoA-I, 
250:15:0.8, and the radiolabel was [3H]cholesterol. For 
comparative purposes, a similar series of experiments was 
conducted using human apoA-I purified from a pool of 
human sera by preparative isoelectric focusing as 
described by Jauhiainen and Dolphin (22). LCAT was 
purified as reported (22). 

Each incubation contained: a) 125 pl 2 %  fatty acid-free 
BSA in assay buffer; b) 100 pl of substrate (experiments 
with proteoliposomes containing hedgehog apoA-I: 
366933 cpm = 24462 cpmhmol cholesterol; experiments 
with proteoliposomes containing human apoA-I: 229112 
cpm = 15274 cpmhmol cholesterol); c) assay buffer (10 
mM Tris-HC1, pH 7.4, containing 150 mM NaCl to a 
final incubation volume of 500 pl). The incubation mix- 
tures were pre-incubated at 37OC with gentle shaking for 
20 min. Twenty-five pl2-mercaptoethanol and 1.5 pg pure 
human LCAT were then added and the mixture was in- 
cubated at 37OC for the indicated period of time. The 
reaction was stopped by addition of chloroform-methanol 
2:l and the lipids were extracted (Folch extraction). Car- 
rier cholesteryl ester was added and the lipids were sepa- 
rated by TLC (Silica Gel G in n-heptane-isopropyl 
ether-glacial acetic acid-methanol 60:40:4:2). Spots were 
identified with iodine vapor; the cholesteryl esters were 
scraped off and counted in a Beckman LS-7000 liquid 
scintillation counter. Cholesteryl ester formation was cal- 
culated from the known specific activity of the cholesterol 
in the substrate. 

Protein determination 

Lipoprotein protein and purified apolipoproteins were 
quantitated by the procedure of Lowry et al. (23) using 
bovine serum albumin (Sigma) as the working standard. 

RESULTS 

Circular dichroism (CD) Molecular weight determination 

The circular dichroism spectra were recorded on a Purified hedgehog apoA-I consistently migrated as a 
Jasco 500 Spectropolarimeter equipped with an IBM single band with M,  27,350 * 458 (n = 9) upon SDS- 
compatible computer for data collection and manipula- polyacrylamide gradient gel electrophoresis (data not shown). 
tion. The protein (0.28 mg) was dissolved in 1 ml 0.01 M 
potassium phosphate, 0.1 M KF, pH 7.4, and the spec- *"unological reactivity 

trum was recorded from 260 to 185 nm using a 0.05 cm Immunodiffusion of a monospecific antiserum to 
circular cell. An aliquot of unilamellar DMPC liposomes hedgehog apoA-I produced a single, intensely stained 
was then added to give a lipid to protein molar ratio of precipitin line with the corresponding protein; a similar 
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reactivity was observed with hedgehog whole plasma. By 
contrast, no precipitation line could be detected between 
antiserum to hedgehog apoA-I and human apoA-I, or an- 
tiserum to human apoA-I and hedgehog apoA-I or whole 
plasma (data not shown). 

Sequence determination 

Hedgehog apoA-I was cleaved using arginylendopepti- 
dase and endoproteinase Asp-N. After amino terminal 
analysis of each fraction, pure peptides were subjected to 
automated sequence analysis. Contaminated peptides were 
further purified by HPLC separation on a Vydac 218TP104 
column with a gradient of 0.1% TFA and acetonitrile. 

The complete amino acid sequence of hedgehog apoA-I 
is shown in Fig. 1. The amino-terminus of the protein 
was confirmed by the automatic gas phase sequencer for 
49 cycles. The sequenced peptides were aligned on the ba- 
sis of their homology with bovine apoA-I as reported 
previously (24). The primary structure of hedgehog apoA- 
I thus consists of 241 amino acid residues, taking into ac- 

count the two deletions occurring at positions correspond- 
ing, respectively, to ProQ and GluIB3 in the 243 residue- 
containing human apoA-I. 

Circular dichroism 

The CD spectrum of hedgehog apoA-I in the absence 
of phospholipid had a mean residue ellipticity of - 14,700 
at several different concentrations. Computer analysis of 
the C D  spectrum indicated an helical content of approx. 
45%; 0-sheet, 20%; @-turn, 5%; and random coil, 30%. 
After overnight incubation with DMPC unilamellar lipo- 
some at a molar ratio of 200:1, the ellipticity decreased to 
-21,840 corresponding to an increase in a-helicity. Thus, 
analysis of the new CD spectrum indicated an a-helical 
content of 57.5%; 0-sheet, 18%; 0-turn, 4%; and random 
coil, 20.5%. 

Activation of 1ecithin:cholesterol acyl transferase 

The ability of hedgehog apoA-I to activate LCAT was 
assayed in two different series of experiments. First, whole 

rD2 5 1 r R 3 8 + R 5 8  R 3  8 
T S A L G Q Q L N K K L A D N W D T V S S A L L K A R E Q M K P I  

1 
rR65 

A M E F W G N L E K D T E G L R ' Q T V S K D L E L V K E K V Q P Y  

r D 6 4  
1 r R 2 6  1 r ~ 2 4  

L D S F Q K K V E E E L E L Y R Q K V A P L S A E W R E Q A R Q K  

A Q E L Q Q K A G E L G Q Q H R D R V R ' T H V D A L R ' T D L A P Y  

1 1 r ~ 4 6  1 r ~ 3 0  
G E E A R K L L L Q R L Q D I K A K S G D L A E Y Q T K L S E H L  

rR2 7 
r D 7 7  

1 r R 3 4  1 r R 4 7  
K S F G E K A Q P T L Q D L R ' H G L E P L W E G I K ' A G A M S M L  

E E L G K K L N S Q  

Fig. 1. Primary amino acid sequence of hedgehog apoA-I determined by sequence analysis of peptides generated 
by arginylendopeptidase and endoproteinase Asp-N digestion and aligned by homology with bovine apoA-I. The 
N-terminal sequence of the protein was confirmed by automatic gas phase sequencing for 49 cycles. (+) Residues 
determined by sequence analysis of whole protein. R(n) and D(n), fractions from HPLC separation of the products 
of arginylendopeptidase digestion and endoproteinase Asp-N digestion, respectively. 
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hedgehog plasma was used in conjunction with pro- 
teoliposomes prepared using either hedgehog or human 
apoA-I. Results (Table 1) showed that in the homologous 
hedgehog system, the mean rate of formation of 
cholesteryl esters was about 6.2 nmol/h per ml versus 
about 2 nmol/h per ml when human apoA-I replaced the 
animal protein (P < 0.0005). However, it is of note that 
in a series of similar experiments conducted simultane- 
ously, the use of normolipidemic human plasma added 
with proteoliposomes containing human apoA-I resulted 
in the formation of 23.2 nmol/h per ml of cholesteryl es- 
ters. Thus, when hedgehog and human plasmas were 
simultaneously incubated with identical proteoliposomes 
containing human apoA-I, the ratio of their respective ac- 
tivities was found to be about 10% (2 vs. 23.2 nmol/h per 
ml of cholesteryl esters formed). 

Purified human LCAT was subsequently used in acti- 
vation experiments in the presence of proteoliposomes 
containing either human or hedgehog apoA-I. Our data 
(Fig. 2) showed that although it was indeed capable of ac- 
tivating the enzyme, the animal protein appeared con- 
siderably less efficient in this respect than its human coun- 
terpart. Indeed, after a 30-min. incubation, the absolute 
activity of human LCAT resulted in the formation of 48 
nmol/h per ml cholesteryl esters when the enzyme was ac- 
tivated by human apoA-I versus about 12 nmol/h per ml 
when the activating protein was hedgehog apoA-I. 

DISCUSSION 

As a first step in the structural and metabolic charac- 
terization of HDL and VHDL subfractions in the hedge- 
hog, we have determined the complete amino acid se- 
quence of the prominent protein component of these 
lipoproteins, apolipoprotein A-I. To perform this se- 

TABLE 1. Assay of hedgehog plasma LCAT activity with 
hedgehog and human apoA-I-containing proteoliposomes 

Animal Hedgehog Plasma + Hedgehog Plasma + 
Identification Hedgehog ApoA-I Human ApoA-I 

nmol CE formeaYh/ml 

249 5.13 2.58 
25 1 7.18 1.80 
270 6.03 1.55 
319 7.19 1.49 

322 5.25 2.26 
321 6.53 2.20 

6.22 + 0.91" 1.98 + 0.43".b 

Hedgehog samples were shipped on wet ice and assayed within 24 h 
of arrival in Halifax. Each proteoliposome contained lecithin 
(egg):cholesterol:apoA-I in the molar ratios of 250:15:0.8 and was radio- 
labeled with [3H]cholesterol. The LCAT assay was as described by Jau- 
hiainen and Dolphin (22). 

"Mean * SD. 
'P < 0.0005 (paired t-test) versus results obtained using hedgehog 

apoA-I. 

F 
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L 
0 
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V 

- 
c 

40 

30 

20 

10 

0 
0 5 10 15 20 25  30 

'l'lM15 (Min) 
F i g  2. Activation of human LCAT by human (-0-) and hedgehog 
(--O--) apoA-I in lecithinkholesterol proteoliposomes with molar ratios 
egg lecithin cholesterol apoA-I 250 15 0 8 Radiolabel was [3H]cholesterol 
After incubation with LCAT, the reaction was stopped and the lipids 
were separated by TLC The spot corresponding to cholesteryl esters was 
scraped off and counted See Materials and Methods for further details 
of the experiments 

quence determination, we chose to use the arginine- 
specific protease arginylendopeptidase as amino acid 
analysis indicated a lower arginine content in the hedge- 
hog protein than in its human counterpart. Using this en- 
zyme, we observed the occurrence of cleavages at the level 
of lysine residues, a phenomenon already reported by 
others (25). However, we obtained a majority of the pro- 
tein sequence from these peptides, although we did not 
find a hexapeptide, IYTEGLR (positions 77-82), resulting 
from cleavage at a lysine residue and the two dipeptides 
DR and VR present at positions 149-150 and 151-152, 
respectively. Due to the small size of these latter arginine 
cleavage fragments, it became necessary to use the aspar- 
tic acid-specific endoprotease, Asp N, to confirm their se- 
quence positions. As was the case with regard to bovine 
a p A - I  (24), we observed cleavage by this latter enzyme at 
Glu residues in a non-sequence-specific manner. 

The amino acid composition of hedgehog apoA-I, der- 
ived from the sequence analysis, is presented in Table 2, 
and compared with those of the homologous protein in 
most of the mammalian species in which the composition 
of apoA-I has been determined to date, including human 
(26), baboon (27), rat (28), mouse (29), dog (30), badger 
(31), rabbit (32), and calf (33) apoA-I. Although such a 
comparison provided evidence for the overall similarity 
existing between apoA-I in all these species, hedgehog 
apoA-I presented several marked differences compared 
with the corresponding protein in humans and other 
animals. Indeed, the hedgehog protein was poorer than 
most of its counterparts in Pro, Val, Leu, Phe, and Arg, 
while it was markedly enriched in Gly, Lys, and especially 
Ile (4 mol/mole protein), and Met (5 mol/mole protein). 
Data regarding Ile are particularly remarkable, as this 
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TABLE 2. Amino acid composition of apolipoprotein A-I from hedgehog and various mammals 

Human Baboon Rat Mouse Dog Badger Rabbit Calf 
Amino Acid Hedgehog (26) (27)  (28) (29) (30) (31) (32) (33) 

LY s 

A% 
ASP 
Thr 
Ser 
Glu 
Pro 

Ala 
Val 
Met 
Ile 
Leu 

Phe 

His 

GlY 

TY r 

112 c y s  
TrP 

26 
4 

12 
22 
11 
14 
45 

6 
13 
20 
10 
5 
4 

34 
7 
3 
0 
5 

21.0 
4.5 

15.7 
20.5 

9.6 
14.7 
45.7 
10.4 
10.2 
19.0 
13.3 
3.0 

0 
37.4 

7.0 
5.9 

0 
4.0 

20.3 
7.3 

15.5 
19.5 
11.0 
15.9 
46.1 
10.2 
11.0 
18.1 
14.9 
2.9 

0 
37.1 

6.5 
5.1 

0 
3.2 

20.7 
4.7 

12.2 
31.4 
11.2 
10.1 
41.9 
6.7 

11.2 
18.1 
12.6 
5.6 
4.6 

30.1 
4.9 
6.7 
1.1 
2.2 

16.2 
4.8 

15.7 
25.2 
13.1 
16.7 
48.6 

9.5 
9.8 

14.6 
15.8 
4.6 
1 .o 

31.6 
5.2 
5.4 
0.4 

n.d. 

19.7 
2.1 

16.8 
22.3 
6.4 

14.3 
47.8 
9.7 

11.9 
23.7 
15.7 
0.8 
1.9 

36.5 
5.9 
4.0 

0 
4.0 

18.1 
3.9 

16.3 
21.9 

9.9 
11.9 
45.4 

9.7 
12.9 
24.0 
15.4 

1.2 
1.8 

34.7 
6.0 
5.3 

n.d. 
n.d. 

19.9 
1.9 

17.0 
20.4 
10.3 
17.3 
52.2 
8.6 
8.9 

18.0 
13.9 
0.9 
1.8 

33.8 
5.5 
6.5 

0 
4.0 

21.1 
3.4 

14.9 
22.3 
6.9 

14.1 
51.9 
8.7 

11.6 
25.4 
12.9 
0.7 
3.6 

35.2 
5.4 
4.9 

0 
Present 

~ ~ ~ 
~ ~ 

Values for hedgehog apolipoprotein A-I are the actual numbers of residues of each amino acid, denved from complete sequence determination 
Data presented for comparison include species for which complete sequence data are available (I e , human, rat, dog, rabbit, and bovine) or not 
available (baboon, mouse, and badger) 

amino acid is completely absent from human and baboon 
apoA-Is. However, a number of Ile residues comparable 
to that found in the hedgehog has been reported in the 
corresponding proteins in the rat (five residues) (28) and 
in the calf (33). As regards methionine, values in the 4 to 
6 mol/mol protein range have also been noted in some 
species remote from humans in phylogeny, such as the rat 
(28), chicken (34), and duck (35). 

Determination of the complete amino acid sequence al- 
lowed comparison with those of apoA-Is from other spe- 
cies, i.e., baboon (36), bovine (24), chicken (34), dog (30), 
duck (35), human (37, 38), macaque (39), mouse (40), pig 
(41), rabbit (32), rat (42), and salmon (43) (Fig. 3). The 
hedgehog protein demonstrated a 58% overall homology 
to the human protein (142 conserved sites). As far as 
apoA-I is concerned, the phylogenetic distance between 
hedgehog and humans thus appeared comparable to that 
existing between the rat and humans, i.e., about 60% 
overall homology. This value is therefore much closer 
than those observed in some species more remote from 
humans, such as the chicken (34) and the duck (35) (Fig. 
4). Changes in the percentage homology could be noted 
according to the region of the protein considered, with the 
highest proportion of mutations occurring proximal to the 
N- and C- termini. It is of note that among the 98 muta- 
tions coding for an amino acid and existing between the 
hedgehog and human proteins, only 40 were conservative 
hydrophobic ones. 

Experimental results obtained by C D  spectroscopy 
showed that the percentage of helix structure in hedgehog 
apoA-I, both in absence or presence of phospholipids, 
may be somewhat lower than the corresponding one ob- 

served by others for human apoA-I, e.g., 50 * 3% for free 
apoA-I, and up to 72% for apoA-I included in recom- 
binant HDL (44). 

Compared to the corresponding human protein, hedge- 
hog apoA-I lacked Pro3, a deletion commonly found in 
most animal proteins studied to date (see Fig. 3). We also 
observed the absence of an equivalent to GlulS3 in human 
apoA-I. In contrast, hedgehog apoA-I lacked the sup- 
plementary G1yl8+ only found in the chicken and duck 
proteins. Finally, it is of note that in the course of the se- 
quence determination of hedgehog apoA-I, we did not ob- 
serve the presence of a pro-sequence as is the case in many 
other species. We cannot rule out the possibility that the 
purification procedure may have eliminated proapoA-I 
from the examined samples. However, it is of note that we 
were able to show that approx. 10% of calf apoA-I con- 
tained a propeptide, after purifying this latter protein by 
the same methodology used in the present experiments. 

Whatever the species considered, apoA-I has at least 
three main functions, i.e., association with lipids, binding 
to HDL binding sitesheceptors, and LCAT activation. 
Lipid binding is related to a-helical structure. Most of 
apoA-I thus consists of repeats of 22 amino acids 
(22-mers) (45, 46), each of which being a tandem array of 
two 11-mers. The succession of 22-mers is punctuated by 
the strong helix breaker proline (47), these residues being 
essential for maintaining the normal secondary structure 
of the protein. In the case of hedgehog apoA-I, it is there- 
fore of interest to note that six (i.e., Pro 65, 98, 120, 164, 
207, and 218 of the hedgehog protein) amongst the seven 
Pro initiating 11-mers and considered as necessary for the 
correct folding of the protein are present in the protein. 
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babapoa-i : 
hhapoa-i : 

bovapoa-i : 

dogapoa-i : 
chiapoa-i : 

ducapoa-i : 

macapoa-i : 
humapoa-i : 

mouapoa-i : 
pigapoa-i : 
rabapoa-i : 

salapoa-i : 
ratapoa-i : 

hhapoa-i : 
babapoa-i : 
bovapoa-i : 
chiapoa-i : 
dogapoa-i : 
ducapoa-i : 

macapoa-i : 
Luroapoa-i : 

mouapoa-i : 
pigapoa-i : 

ratapoa-i : 
rabapoa-i : 

salapoa-i : 

babapoa-i : 
hhapoa-i : 

bovapoa-i : 

dogapoa-i : 
chlapoa-i : 

ducapoa-i : 
humapoa-i : 
macapoa-i : 
mouapoa-i : 
pigapoa-i : 

ratapoa-i : 
rabapoa-i : 

salapoa-i : 

DE.AKSYWDQIKDMLTVYVDTAKDSGKDYLTSLDTSALGQ .................... 
--pPQTP--RV--LV----EAL-------VSQFEG---- .................... 
.D.PQ.S..RV..FA....EAI....R..VAQFEA....K 

K 
.................... ... PQTPL-R-R--VD--LE-V-A----AlAQFES--V-K .................... 

... PQ-P--RV--LA-----AV----R--VAQFEA----K .................... 

... PQAPL-RLR-LVD--LE-V-A----AIAQFEA--V-K .................... 
--p PQ-P--RV--LA-----VL----R--VSQFEG----K .................... 

PQ-Q--KV--FAN----AV----R--VSQFES-S--- 
--p PQTP--RV--LV----EAt"------VSQFEG---K .................... 
... .................... 
.D.PQ.P..RV..FA.....AI....R..VAQFEA...K .................... -- PR-S--K---FA-----.V---- N3.VAQFEA"F.K .................... 
... PQ-Q--RV--FA-----AV----R--VSQFES-T--K .................... 
, D . - P - Q L E H V - A A - N M - I A Q V - L T A Q R S I D L - - D T E Y K E y ~ l s q s l d n l q q f a d s t s  

Q L N K K L A D N W D T V S S A L L K A R E Q M K P I A M E F W G N L E K D T E Q P Y  
---L--L----S-T-TVS-L---LG-VTQ---D----E------ E"-"-E--A"--- 
---L--L-----LA-T-s-v---LG-VTQ---D----E-AS---~----E--Q----- 
--DL-----L--L-A-AA-L--D-A-yyK-V~L----A--AELT----E----IR-F 
---L--L----sL--TvT-L---IG-VTQ---D----E--V---~-----E--Q----- 
--DL-----L--LGA-AA-L--D-A-yyK-VRE~L----S--AELT----E----IR-F 
---L--L----S-T-TFS-L---LG-VTQ---D----E------E"----E--A----- 

---LN-LE----LG-TVSQLQ-RLG-LTRD"D--D----E-D~--E~----E--Q----- 
---L--L----S-T-TVS-L---LG-VTQ---D----E------EM-----E--A----- 

H--L--L----SLG-TFT-V---LG-VTQ---D----E--A---~-----E--K----- 
---L--L----sL--Tvs-LQ--LG-VTQ---D----E------E~---QE-RQ----- 
---LN-L-----LG-TVGRLQ--LG-VTQ---A----E-DW--NEMN----N--Q-~--H 
K S W P P T P R S S A P S C D - T A T V - A E V M K D V E D V R T Q - - P K R A D E Y R K - L E - L  

LDSFQKKVEEELELYRQKVAPLSAEWREQARQKAQELOOKAGELGaOHRDRVRTHVDALR 
--D----WQ-"-------E--R--LH-GT---LH--HE-LSp--EEV---A-A------ 
--E----WH--V-I--------GE-F--G----V----D-LSp-A-EL---A-A--ET-- 
--Q-SA-WT----Q---RLT-VAQ-LK-LTK--VEL"A-LTPVAEEA---L-G--EE-- 
--D----WQ--V----------GS-L--G----L----E-LSp--EEL---A-------- 
--Q-SA-WT----Q---RL--VAQ-LK-LTK--VELM"--LTPVAEEA---L-G--EE-- 
--D----WQ--"------E--R--LQ-G----LH---E-LSp--E~---A-A------ 
--D----WQ--"------E--R--LH-GT---LH--HE-Lsp--EEV---A-A------ 
--E----WK-DV----------G--LQ-S---- L----GRLSPVAEEF---M-----S-- 
--D--N-WQ--M-T----M.--G--F--G----V----E-LSp-AEEL---L-A--A--- 
--E----WQ--V-R-----E--GV-L--S-"-LT"LT---E-LSp-AEEL--sA-----T-- 
.. E--E-WN--V-A----LE--GT-LHKN-K....-H-RHLKWAEEF-"M-VNA---- 
IKEHIELRRT-MDAF-A-IE-WE-M-AKVAVNVE-TKT-LMPIVEIV-AKLTERLEE-- 

hhapoa-i : TDLAPYGEEARKLLLQRLQD1K.AK.SGDLAEYQTKLSEHLKSFGEKAQPTLQDLRHGLE 
babapoa-i : -H----SD-L-QR-AA--EAL-eNG.GAR----HA-A----STLS---K-A-E---Q--L 
bovapoa-i : QQ----SDDL-QR-TA--EAL-.EG.G-S----HA-A--Q--AL----K-V-E---Q--L 

dogapoa-i : AQ----SDDL-ER-AA---AL-eGG.GAS----HARA--Q-SAL----R-A----- 
chiapoa-i : KN----SD-L-QK-S-K-EE-R.E-gIPQAS---A-V"Q-SNLR--MT-LV-EF-ER-T 

ducapoa-i : KN----SD-L-QK-S-K-EE-R.E-gIPQA----A-W-Q-SNLR--MT-LV--FKER-T 
Q--L 

macapoa-i : -H----SD-L-QR-AA--EAL-eNG.GAR----HA-A----STLS---K-A-E---Q--L 
humapoa-i : -H----SD-L-QR-M--EAL-eNG.GAR----HA-AT---STLS---K-A-E---Q--L 

mouapoa-i : -Q---HS-QM-ES-A---AEL-..S.NPT-N--H-RAKT---TL----R-A-E----S-M 
pigapoa-i : QHV---SDDL-QRMAA-FEAL-.EG.G-S-----A-AQ-Q--AL----K-A-E---Q--L 
rabapoa-i : -K----SQ-LQQR-AA--ES--eGG.GAS-----A-AR---SVLS---R-A-E---Q--L 
ratapoa-i : AKFGL-SDQM-EN-A---TE--..N.HPT-I--H--A-D---TL----K-A-D--GQ--M 
salapoa-i : -LA--- A--YKEQMFKAVGEVR.E- .......................... VAP-SEDFK 

babapoa-i : 
hhapoa-i : 

bovapoa-i : 

dogapoa-i : 
chiapoa-i : 

ducapoa-i : 
humapoa-i : 
macapoa-i : 
mouapoa-i : 
pigapoa-i : 
rabapoa-i : 

salapoa-i : 
ratapoa-i : 

PLWEGIKAGAMSMLEELGKKLNSQ 
-VL-SF-VSFL-A---YT---ST- 
-VL-SL-VSILAAID-AS----A- 
-YA-NL-NRLI-F-D--Q-SVA.. 
-VL-SF-VSLIAAID-AT-"-A- 

-VL-SF-VSFL-A---YT----T- 
-YA-NL-TRFI-L-D--Q-TVA.. 

-VL-SF-VSFL-A---YT---ST- 
"L-TL-TK-Q-VI-..STPFSEG 
-VL-NL-VSILAAID-AS----A- 
-VL-SF--SVQNLVD-AT----T- 
-VL-AW--KI---ID-AK----A. 
AR-APPPRRPSKSSWLSTRPSARP 

Fig. 3. Sequence alignment of the different apoA-Is whose primary amino acid sequence has been determined. 
Upper case letters, aligned non-identical bases;  lower  case letters, unaligned bases. Gaps are indicated with a . and 
homology with a -. The successive lines refer respectively to the hedgehog, baboon (36), bovine (24), chicken (34), 
dog (30), duck (35), human (37,38), macaque (39), mouse (M), pig (41), rabbit (32), rat (42), and salmon (43) proteins. 
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Fig. 4. 
malian apoA-I sequences. 

Phylogenetic tree generated by computer alignment of mam- 

The seventh residue (Pro143 in humans) is substituted for 
by Glu, a mutation not compatible with a single base 
change in the corresponding codon. It is of note that this 
particular Pro is conserved in all animal species studied 
to date, with the exception of the rat in which it is 
replaced by Val (Fig. 3) .  According to Chou and Fasman 
(47), Glu is a “strong a-helix former” while, in addition 
to breaking a-helix segments, Pro appears to induce 
reversal of the orientation of the adjacent helices (48). A 
major change in the overall apoA-I spatial structure may 
thus occur consecutively, which in turn may have conse- 
quences in the functionality of the protein (see below). 

These data, as well as those obtained using C D  spec- 
troscopy, both suggest that compared to its human coun- 
terpart, a smaller portion of hedgehog apoA-I may actu- 
ally be in the form of a-helix. In this respect, it is of 
interest to note that recently, Jonas, Steinmetz, and Chur- 
gay (49), by reconstituting HDL-like particles from hu- 
man apoA-I, phospholipids, and cholesterol in different 
stoichiometric ratios, demonstrated that the number of 
amphipathic a-helical segments of apoA-I correlated 
directly with the size of the resulting lipoprotein. Such 
results are to be considered together with our own 
findings in the hedgehog. Indeed, we have demonstrated 
in this species, using a variety of techniques including 
analytical ultracentrifugation (5) and gel electrophoresis 
of density gradient fractions (6), the occurrence of higher 
density, small size, HDL and VHDL subpopulations. 

Using polyclonal antibodies, we have not been able to 
detect any cross-reactivity between human and hedgehog 
apoA-Is, although prediction of the antigenic structure us- 
ing the method (50) and algorithm (51) of Hopp and 
Woods indicated that several potentially antigenic 
hydrophilic sites may occur in similar regions of the pro- 
teins, i.e., near residues 25, 60, 76, 87, 126, 150, 168, 176, 
and 235. It is, however, of note that at least in the case of 
the five latter sites, major amino acid differences were 
present in their close environment. As Ehnholm et al. (52) 
have demonstrated in their studies on the interaction be- 
tween human apoA-I and monoclonal antibodies to hu- 
man apoA-I, the substitution of a single amino acid can 
cause the loss of an antigenic determinant. Such findings 
may therefore explain the observed lack of cross-reactivity. 

In humans, several domains of apoA-I have been suc- 
cessively suggested to be responsible for the activation of 
LCAT. Using synthetic peptides, Anantharamaiah et al. 
( 5 3 )  have suggested that the LCAT-activating domain of 
apoA-I is located between residues 66 and 121, a region 
containing two 22-mers exhibiting the Glu residue at posi- 
tion 13 and separated by an intervening 11-mer. Results 
from these authors emphasized the importance of this lat- 
ter polar residue in the LCAT-activating efficiency of the 
domain. Comparison of the respective 66-121 regions in 
human and hedgehog apoA-I provided evidence for a 
much higher degree of homology (75%) than exists in the 
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rest of the protein. In addition, among the two proposedly 
essential Glu residues in the human protein, the first one 
is replaced in the hedgehog by a similarly polar Asp and 
the second one is conserved. Even more recently, Banka 
et al. (54) and Meng et al. (55) have confirmed the impli- 
cation of residues 95-121 in the LCAT-activating function 
of apoA-I. This latter region appears extremely well con- 
served between hedgehog and humans, with 21 residues 
identical out of 26, i.e., more than 80% homology. Despite 
these noticeable similarities, our own data show that 
hedgehog apoA-I was able to activate homologous LCAT 
by only 25% of the corresponding values obtained in hu- 
mans. A partial and hypothetical explanation for these 
results may be suggested from a comparison between 
hedgehog apoA-I and a mutant of the human protein, 
apoA-I Giessen (56). Indeed, this particular form of apoA- 
I exhibits a mutation at residue 143 by which the usual 
Pro is replaced by Arg, and its ability to activate LCAT 
is consequently reduced by 30-40%. In the hedgehog, 
Prolh3 is the only Pro residue situated at a @-turn position 
mutated and replaced by Glu (see above). We may thus 
speculate that a consecutive change in the spatial struc- 
ture of this part of the protein may partly explain the ob- 
served low potential of hedgehog apoA-I with regard to 
activation of this enzyme. This hypothesis is supported by 
the findings of Sparrow and Gotto (57), and Fukushima 
et al. (58) who have shown, using synthetic peptides, that 
the region between residues 124 and 185 contained at least 
one and possibly two LCAT-activating domains, i.e., 
124-167 and 143-185. These results have been recently 
partially corroborated by Meng et al. (55) using mono- 
clonal antibodies. It must be emphasized, however, that 
other recent results, such as those of Minnich et al. (59) 
and Sorci-Thomas, Kearns, and Lee (60), suggest that 
several, possibly interacting, apoA-I domains may be re- 
quired for mediating the interaction of the protein with LCAT 

Finally, in humans, it seems highly probable that most 
of HDL binding to liver cells, making possible the end 
steps of reverse cholesterol transport, is at least partly 
mediated through interaction of apoA-I with specific 
HDL binding proteins. Recently, immunological studies 
using Fab fragments from antiA-I (205-220) and antiA-I 
(230-243) have demonstrated the importance of these 
regions of the protein in binding to liver plasma mem- 
branes (61). Considering the quantitative importance in 
hedgehog plasma of the various apoA-I-containing HDL 
and VHDL particles, which can represent as much as 70 
to 85% of total circulating lipoproteins according to the 
season considered, the question of their uptake by cells is 
essential for the lipid metabolism homeostasis in this spe- 
cies. From the present results, it may be noted that frag- 
ments of hedgehog apoA-I corresponding to human 
residues 205-220 and 230-243 appear relatively similar in 
general organization to their human counterparts. In- 
deed, Pro 229 and 240 are also present in the hedgehog 

protein, and most substitutions in the above-mentioned 
fragments are conservative ones with respect to hydrophi- 
licity or hydrophobicity. It may thus be speculated that 
the recognition function towards specific receptors of this 
part of the protein is also present in the hedgehog. 

In the present report, we have established the basic 
characteristics of hedgehog apoA-I. We are now taking ad- 
vantage of these data for the characterization of structural 
and metabolic features of HDL and VHDL subfractions, 
which is presently in progress in our laboratory. 
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