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SUMMARY: The isolation and amino acid sequence of eleven peptides liberated
by tryptic treatment from surface-exposed regions of apolipoprotein B=100

in the native low-density lipoprotein particle are described, These peptides
represent eight segments in the sequence of the B-100 protein, one of which
was localised to the amino-terminal thrombolytic fragment T4 (1297 amino
acids), four to the T3 fragment (2052 residues) and three to the carboxyl-
terminal fragment T2 (1287 residues). An exposed segment was identified on
each side of the T2/T3 cleavage site, in close proximity to two segments
enriched in basic amino acide (residues 314723157 and 3359-3367 respectively).
The surface exposure of this region is consistent with its contribution to
the putative apo-B,E receptor binding domain. Four of the eight tryptic
segments contribute to regions of proline-rich clusters. Homology between
the sequences of the tryptic peptides and those predicted by cDNA cloning
was complete. © 1986 Academic Press, Inc.

Apolipoprotein B-100 is the major protein constituent of the circulating
low-density lipoproteins (LDL) and is of hepatic origin (1,2). The precise
nature of this protein has remained elusive as a result of its unique
physicochemical properties and marked susceptibility to proteolytic and
oxidative degradation (2). It is however established that apo B-100 is
a large polypeptide whose molecular weight has been estimated in the range
of 350 to 550 KD (2, 3).

Two essential functions are fulfilled by apo B-100. Firstly, this protein
stabilises the structural organisation of the LDL particle, and secondly,

is responsible for the cellular recognition and catabolism of LDL by the
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LDL (apo-B,E) receptor pathway (4, 5). The structure which underlies the
specific binding of LDL to this receptor remains to be elucidated. The
functional contribution of certain arginine and lysine residues to the
binding site has been demonstrated by chemical modification (6, 7). Another
approach to the determination of the receptor binding domain has involved
modification of apo B-100 in the native LDL particle with enzymes of high
substrate specificity. In this way, portions of the surface-exposed regions
of apo B-100 may be removed (8-10), with marked effect on the receptor-
binding affinity of the LDL particle (10-12).

By virtue of the molecular cloning of the c¢DNA for apolipoprotein B-100,
large portions of its primary structure have become available (13-19).
More recently, Scott and colleagues (20) have elucidated the complete
sequence of the human protein. Despite such progress, these findings do
not permit identification of the surface-exposed, hydrophilic regions of
apo B-100 in the intact LDL particle.

With the aim of evaluating the relationship of apo B-100 structure to
its function in the LDL particle, we have purified and characterized certain
trypsin-accessible, surface—exposed segments of human apolipoprotein B-100,
whose amino acid sequence and location in the intact protein is presented

herein.

MATERIALS AND METHODS

Lipoprotein tsolation: Human LDL (d 1.024-1.050 g/ml) were separated from
normolipidemic serum by sequential flotation ultracentrifugation as
previously described (21), and dialysed extensively in Spectrapor tubing
(Spectrum Medical Industries, Los Angeles, CA; mol. wt. cutoff 10,000-12,000)
at 4°C against a solution containing 0.05 M NaCl, 5 mM NH4HCO4, 0.04 7

EDTA, 10 mM NaN3 and 0.001 7 sodium merthiolate at pH 7.4. The protein
moiety of such LDL contained > 98 7 by weight of apolipoprotein B-100 (9).

Enzymic treatment: Tryptic digestion of LDL (60-80 mg protein) was performed
with TPCK-Trypsin (Worthington) as outlined earlier (9), with the exception
that 5 mM CH3COONH,; was used as incubation buffer. The digest was initially
fractionated into the protein-deficient, trypsinised LDL (T-LDL), trypsin

and the liberated water-soluble peptides derived from LDL protein (T-peptides),
by gel filtration chromatography on a column of Sephadex G75 (8).

Fractionation of tryptic peptides: The total, water-soluble peptides (T-
peptides) eluted from the G75 colum were pooled, lyophilised twice from
distilled water, and solubilised in a 5 mM CH3COONH, buffer at pH 7.2.
These peptides were then fractionated on a Biogel P4 (90 x 1.6 cm) column
equilibrated with the solubilisation buffer (9).

High performance liquid chromatography (HPLC): Peptides obtained by chromato-
graphy on Biogel P4 were further fractionated by HPLC on an Altex model 344
chromatography system (two model 112 pumps, a model 421 microprocessor
system controller, a stirred-gradient mixing chamber, a model 210 sample
injector, and a model 160 Altex detector).

Material in peaks II and III from the Biogel P4 chromatographic step
(see Fig. 1) was pooled respectively, solubilised in 0.1 % trifluoroacetic
acid (TFA; Baker) and sonicated two or three times at 50 W for 10 sec. The
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dissolved peptides were loaded onto a 214 TP 104 Vydac column equilibrated
with a 0.1 Z TFA solution. Peptides were separated by the development of
a gradient from 0 to 35 Z in acetonitrile (Baker) containing 0.1 7 TFA.
The gradient was developed at a rate of 10 7 per hour and at a flow rate
of 1 ml/min. The final purification step for the majority of the peptides
so obtained was carried out on a C18 HPLC column (Biorad Hi-Pore RP 18).
Each peptide was eluted with a restricted acetonitrile gradient, this
gradient starting and terminating within a range of £ 2.5 Z of the
acetonitrile concentration at which it was eluted from the 214 TP 104
Vydac column; such gradients were developed at a rate of 5 7 per hour,
and at a flow rate of t ml/min,

Peptide purity was verified by application of samples to a TSK ODS 120 T
column and elution with a gradient of 0.1 7 aqueous TFA to 0.1 7 TFA/aceto-
nitrile. Quantification of the amounts present was accomplished by comparison
of the respective peak heights measured at 206 nm with that given by a low
molecular weight standard.

Amino acid analysis: Amino acid analyses were carried out on acid hydrolysates
of selected peptides using an LKB 4400 amino acid analyser, with a view to
quantification. Small aliquots were analysed, which gave peaks near the

limits of sensitivity of the instrument. The amino acid ratios so obtained
were in good agreement with the subsequent sequence determinations.

Sequence determination: Sequencing was carried out using an Applied
Biosystems gas phase sequencer Model 470 A with on-line HPLC idemtification
of the phenylthiohydantoins in a manner similar to published procedures
(22). Peptide quantities in the range 0.5-1.0 nmol (as determined by HPLC
or amino acid analysis) were taken for sequencing. On this basis, initial
yields were in the region of 25 Z, with repetitive yields of 90 to 92 7
thereafter.

RESULIS

With the aim of identifying water-soluble tryptic peptides from apo B-100
of maximal size, peptide material; eluting close to the excluded volume
of the Biogel P4 column (Fig. 1) was taken for further purification and
sequence determination. Thus the peptide mixtures corresponding to Biogel
P4 peaks II and III were fractionated by reverse phase high performance

liquid chromatography. Figure 2 shows a representative elution profile

Absorbance at 280 nm

5 165 223
Elution volume (ml)

Figure 1. Elution profile of the fractionation of the mixture of T-peptides
on a Biogel P4 column. Material in peaks II and III was pooled
as indicated by the vertical lines; the eluate was monitored
at 280 nm.
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TABLE I: AMINO ACID SEQUENCES OF TRYPTIC PEPTIDES FROM SURFACE-EXPOSED REGIONS
OF APO B-100 IN THE NATIVE LDL PARTICLE

Tp

Tp
TP

Tp
Tp
Tp
TP
Tp
Tp
Tp

Tp

a b Mol.wt.
24 1008-1016 1093 (Lys)~Phe-Val-Thr-Gln-Ala-Glu-Gly-Ala-Lys
2091 2098
123 2091-2106 2263  (Lys)-Leu-Pro-Gln-Gln-Ala-Asn~Asp-Tyr-Leu-Asn-Ser-Phe~Asn- ? - Glu-Arg
70 2091-2098 1073 erereresseessiseseseesiaiaeinsie, (Trp)
49 2485-2493 1309 (Lys)-Phe-Arg-Glu-Thr-Leu-Glu-Asp-Thr-Arg
99 2679-2685 956  (Arg)-Ite-Ser-Leu-Pro-Asp-Phe-Arg
3218 3224 3232
161 3218-3236 2415 (Arg)-Thr-Phe-Gln-Ile-Pro-Gly-Tyr-Thr-Val-Pro-Val-Val-Asn-Val-Glu-Val-
81 3237-3242 905 s236 sa3y  ettrrreeesesaeseeeciiiiiaiiiie
134 3224-3232 1162 Ser-Pro-Phe-Thr-Ile-Glu-Met-Ser-Ala-Phe-(Gly-Tyr-Val~Phe-Pro-Lys)
3265 3275
184 3265-3275 1145  (Arg)-Val-Pro-Ser-Tyr-Thr-Leu-Ile-Leu~Pro-(Ser-Leu-Glu-Leu~Pro-Val-Leu-His-Val~Pro-Arg)
3828
59 3828-3841 1695 (Lys-Ile-Ala-Asp-Phe-Glu-Leu-Pro-Thr)-Ile-Ile-Val-Pro-Glu-Gln-Thr-Ile-Glu-Ile-Pro-Ser- ? - Lys

(Ile)

106 4080-4094 2026  (Arg)-Asn-Leu-Gln-Asn-Asn~Ala-Glu-Trp-Val-Tyr-Gln-Gly-Ala-Ile-Arg

%he fraction in which the respective tryptic peptide (Tp) was eluted upon HPLC
(see profil in Fig.2) is denoted on the left, with the exception that Tp 59
was eluted from Biogel P4 Peak II.

bCorresponding residue numbers in the complete amino sequence of apo B-100 (20).
Residues underscored with dotted lines indicate sequences found in partial

tryptic peptides. Residues within parentheses () have been taken from the complete
primary structure (20).

for components of peak III; a wide range in hydrophobicity was evident,

with all peptides being eluted within an acetonitrile concentration range

of 0 to 31 7. Peptides denoted by arrows (Fig. 2) and denoted Tp 24, Tp 49,
Tp 70, Tp 81, Tp 99, Tp 106, Tp 123, Tp 134 and Tp 184 were taken for further
reverse phase purification on a C 18 column and subsequent sequencing.

The amino acid sequences of these surface-exposed, tryptic peptides are
presented in Table 1, together with the residue numbers derived from
homologous regions identified in the complete sequence of human apo B-100;
this sequence was recently obtained by molecular cloning of the cDNA
(13, 20). The molecular weights of the majority of these peptides fall
in the range of 1000 to 2000 Daltons (Table 1). Eight of the eleven peptides
(including partial peptides) result from amino-terminal cleaQages at arginine
or lysine residues, i.e. Tp 24, 49, 70, 99, 106, 123, 161 and 184. By contrast,
three peptides result from amino-terminal cleavages at hydrophobic residues,
i.e. Tp 59, Thr-Ile; Tp 81, Phe~Thr and Tp 134, Gly-Tyr. Six peptides (Tp 24,
Tp 49, Tp 59, Tp 99, Tp 106 and Tp 123) result from tryptic cleavage at
peptide bonds which are carboxy-terminal to lysine or arginine residues,
while the remaining five again reflect cleavages which have predominantly
occurred at hydrophobic peptide bonds (Tp 70, Tyr-Leu; Tp 81, Phe-Gly;

Tp 134, Glu-Val; Tp 161, Phe-Thr and Tp 184, Pro-Ser).

Two partial peptides were identified, Tp 134 corresponding to nine

internal residues of Tp 161, and Tp 70 corresponding to the eight amino-

terminal residues of Tp 123 respectively. Two contiguous peptides were
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also detected, and notably Tp 161 whose nineteen residues are situated
amino-terminal in the native protein to the seven amino acids of Tp 81,
giving a total exposed segment of some 26 residues.

Upon evaluation of the relative contents of hydrophobic, hydrophilic
and charged residues in the eight segments which have been sequenced, it
was apparent that all the constituent peptides, with the exception of
Tp 184, contained at least one and up to five charged amino acids. Half
of the eight segment contained predominantly polar residues, while half
were primarily of hydrophobic nature. Only one segment was highly hydrophilic
(Tp 49, residues 2485-2493), seven of its nine residues being polar and

five possessing a charge; indeed a charge pair (Arg-Glu) was present.

DISCUSSION

Apolipoprotein B-100 plays a fundamental role in determining the intra-
vascular metabolism and tissue degradation of the LDL particle. Such
functions are assured in large part by the surface-exposed regions of
apo B-100, which may interact with diverse structures such as enzymes,
transfer proteins, cellular membranes, components of the extracellular
matrix and specific lipoprotein receptors. The eight segments described
herein, representing a total of 105 residues, correspond to regions of
apo B-100 in LDL which are surface-exposed and apparently free of interaction
with both lipids and protein, given their ready liberation into the aqueous
phase upon proteolysis. Most of these segments (four) are present within
thrombin fragment T3 (residues 2091-2106, 2485-2493, 2679-2685 and 3218-3242),
while three are found within T2 (residues 3265-3275, 3828-3841 and 4080-4094)
and only one (residues 1008-1016) in T4, the N-terminal fragment. These
findings are consistent with the surface exposure of the T2/T3 junction
region (residues 3249-3250), since segments 3218-3242 and 3265-3275 are
situated on either side of this thrombin cleavage site. Furthermore, these
latter segments are located within the loop defined by cysteine residues
n® 3167 and 3297 at either side of the T2/T3 site, the segment of residues
3218-3242 occurring in the middle of this loop (20).Both of these segments
may indeed contribute to the overall conformation of the putative apo-B,E
receptor binding domain postulated to involve residues 3147-3157 and
3359-3367 (20). In addition, segments 3218-3242 and 3265-3275 are found
within a proline-rich cluster spanning residues 3102 to 3305, a region
of high amphipathic B~sheet potential, and are themselves enriched in this
amino acid (11.5 and 22.2 mole % respectively). The peptides corresponding
to residues 2679-2685 and 3828-3841 also fall within proline-rich regions
(20).
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An essentially complete homology was found between the amino acid sequences
of our various tryptic peptides and those predicted by c¢DNA cloning (20).

Comparison of the sequences of the exposed segments with those of other
apolipoproteins in a protein database revealed a limited homology between
residues 2485-2493 in apo B-100 and residues 14-23 of human apo-CI (23),
in which five of seven residues were shared.

In conclusion, our present findings constitute a first step towards
identification of functional domains in apo B-100 as a component of the

intact LDL particle.
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