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1. Introduction

Vitamin A is transported in plasma by a specific
carrier protein, the retinol-binding protein (RBP),
which consists of a single polypeptide chain with
mol. wt 21 000 [1,2]. Under physiological conditions
RBP forms a complex with thyroxine-binding pre-
albumin [3,4]. Both the primary and the tertiary
structure of prealbumin have been determined [5,6].
For RBP only limited sequence information in amino-
terminal region has been published [7,8]. The primary
structure of RBP is presented here.

2. Materials and methods

RBP was isolated as in [9]. Fragmentation of the
protein was achieved with CNBr [10] and partial acid
hydrolysis {11]. Reduction and [**C]carboxy-
methylation of the intact protein and various frag-
ments have been described [12]. The intact protein
and the various CNBr and acid hydrolysis fragments
were digested with trypsin, chymotrypsin and
thermolysin, all products of Worthington, Enzymatic
digestions were also carried out with clostripain
(Boehringer) and Staphylococcus aureus protease
[13], a kind gift of Dr J. Fohlman.

CNBr and acid hydrolysis fragments were isolated
by gel chromatography on Sephadex G-100 and G-50
columns equilibrated with 0.05 M sodium acetate
buffer (pH 5.5) containing 6 M guanidine hydro-
chloride. After desalting on columns of Sephadex
G-25 equilibrated with 0.1% ammonia-10% propanol
in water the fragments were lyophilized.

Peptides generated on enzymatic digestion were
chromatographed on Sephadex G-50 and G-25
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columns equilibrated with 0.1% ammonia—10%
propanol in water, Further purification was achieved
by ion-exchange chromatography on sulfonated poly-
styrene resin with use of a modified Jeol 6AH amino
acid analyzer [14]. Large peptides present in
clostripain digests were isolated by a procedure
involving gel chromatography on Sephadex G-100
columns equilibrated with 0.05 M sodium acetate
buffer (pH 5.5) containing 6 M guanidine hydrochloride
and subsequent chromatography on DEAE—Sephadex
columns at pH 8.0 in 0.02 M NH,HCO;. Elution was
performed with gradients of 0.02—0.5 M NH,HCO;.
Amino acid analysis was performed on a Beckman
121M amino acid analyzer. Tryptophane was
quantitated after hydrolysis in methanesulfonic acid
[15]. Amino acid sequence determinations were either
carried out manually by the dansyl-Edman technique
[16,17] or automatically in a Beckman 890C liquid
phase sequencer with use of polybrene to retain the
peptide. Phenylthiohydantoin derivatives were
identified by high-pressure liquid chromatography
[12]. Digestions with carboxypeptidases A and B
were performed as in [18] with the notable excep-
tions that quantities of both the substrates and the
enzymes were reduced 10-fold, and lowered to pH 7
to reduce unspecific tryptic-like activity. The diges-
tions were carried out at room temperature.

3. Results and discussion

CNBr fragmentation of unreduced RBP give rise to
3 distinct peaks termed A—C, on gel chromatography.
Amino acid analyses showed that A but not Band C
contained cysteine. Reduction and carboxymethyla-
tion of fragment A followed by gel chromatography
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resolved the material into 3 peaks A1, A2 and A3.
Whereas Al and A2 represented single fragments, A3
was a mixture of 2 fragments. The latter material was
therefore subjected to gel chromatography on a
Sephadex G-50 column which resolved the fragments
into 2 peaks, A3a and A3b. As A3a and A3b are of
similar size it seems reasonable to suggest that the
retarded elution position of A3b is dependent on its
interaction with the gel matrix.

The amino acid compositions of the isolated CNBr
fragments (table 1) showed that all fragments con-
tained homoserine except Al. This information
together with carboxypeptidase digestions of A1 and
intact RBP firmly established that Al is the carboxy-
terminal fragment (fig.1). NH, -terminal amino acid
sequence determinations of intact RBP and the various
CNBr fragments showed that CNBr fragment A3a is
the NH, -terminal one and that it is succeeded by
fragment B. The amino acid composition of fragment
A2 was approximately identical to the sum of the
amino acid compositions of fragments B and A3b
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(table 1). This information was further substantiated
by amino acid sequencing of fragment A2 which
established that it represented fragment B succeeded
by fragment C (see fig.1). Moreover, of the 3 HCOOH-
fragments isolated amino acid sequence analysis of
H-1 corroborated the order of CNBr-fragments B and
A3b and demonstrated in addition that fragment C
appeared next in the sequence. One clostripain
peptide (CI-1) also provided an overlap between A3b
and C. Acid cleavage fragment H-2 clearly demonstrated
that C preceeded Al. As shown in fig.] these data
allowed the unambiguous ordering of the CNBr
fragments,

The amino acid sequence of A3a, B, A3b and C
were almost fully elucidated by analyses in the
automatic sequencer. Confirmation and identification
of missing residues were obtained by automatic
sequencing of fragments H-1 and H-2 and the
clostripain peptide C1-1. Fragment A1, representing
> 50% of the RBP chain, was sequenced by the
automatic procedure which provided 50 consecutive

Table 1
Amino acid compositions? of cyanogen bromide fragments of RBP. The integral values in
parentheses are based on the sequence

CNBr-Al CNBr-A2 CNBr-A3a CNBr-A3b CNBr-B CNBr-C RBPd

Lysine 341 (3) 275Q@3) 2.00 (2) 1.00 (1) 1.86 (2) 1.82 (2) 10.19 (10)
Histidine 2.00 (2) 0.26 200 (2)
Arginine 7.88 (8) 2.36(2) 3.68(4) 2.09 (2) 0.30 14.02 (14)
CM-Cysteine 412 4 1.33Q1) 1.21 (1) 0.72 (1) 491 (6)
Aspartic acid 14.01 (14) 6.90(8) 3.36 (3) 3.54 (4) 4,00 (4 2.00 (2) 26.03 (27)
Threonineb 345 3) 19012 1.13 (1) 0.95 (1) 1,25 (1) 2,60 (3) 935 (9)
Serineb 5.67 (6) 2.65(2) 3.15(3) 1.23 (1) 1.35(Q1) 0.38 10.89 (11)
Homoserine 0.05 0.56 (2) 0.39 (1D 0.42 (1) 0.40 (1) 0.48 (1)

Glutamic acid 10.30(10) 5.94 (5) 2.30(2) 043 4.38 (5) 1.41 (D) 18,28 (18)
Proline 336 (3) 136Q1) 1.10(1) 1.18 (1) 6.84 (5
Glycine 6.23 (6) 2.87(3 1.17 (1) 1,20 (D) 2.00(2) 1.41(1) 11.21 (1D
Alanine 5.35 (5) 4.08(%) 2,36 (2) 2.57 (3) 2.01(2) 1.12(1) 13.90 (13)
Valine 595 (6) 3.69(4) 2.05 (2) 1.97 (2) 1.89 (2) 1.00 (1) 12.20 (13)
Methionine 3.84 (4
Isoleucine® 3.07 (3 0.78(1) 0.68 (1) 3.96 (4
Leucine® 9,00 (9 3.89@) 1.65(2) 1.95(2) 0.36 12.78 (13)
Tyrosine 6.75 (1 041 0.93 (1) 0.37 8.06 (8)
Phenylalanine 3.29 (3) 224 (2 2.64 (3) 0.34 1.81 (2) 1.80(2) 10.14 (10)
Tryptophane 148 (2) 0.61(D) 0.67 (1) 0.71 (1) 5.22¢ (4)

2 Except where noted all figures are average values of one 24 h and one 72 h hydrolysis
Values were obtained by extrapolation to 0 h hydrolysis
€ 72 h hydrolysis value

dFrom [18]

€ Determined spectrophotometrically



Volume 104, number 1 FEBS LETTERS August 1979

Fragmentation by Residue number
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Fig.1. Schematic outline of the various fragments and peptides used to establish the amino acid sequence of RBP. Arrows denote
amino acid sequences determined by automatic sequencing (directed to the right) and by carboxypeptidase digestions (directed to

the left),

residues, clostripain peptide C-2 and the thermolysin
peptide Tn-1 connected the first 52 amino acids of
fragment A1 with the following 36 residues deter-
mined by automatic sequencing of acid hydrolysis
fragment H-3. The remaining amino acid residues of
fragment Al were determined by automatic sequen-
cing of a Staph. aureus protease peptide (Sa-1) in
conjunction with carboxypeptidase digestions of
intact RBP, fragment Al and peptide Sa-1. This
information was sufficient to establish the primary
structure of RBP. However, tryptic, chymotryptic
and thermolysin peptides, sequenced by the manual

1 5 10

dansyl-Edman technique, provided corroborative data
for the entire sequence.

The complete amino acid sequence of RBP is
outlined in fig.2. The first SO amino acids are in
complete agreement with the limited information
available for this region of the molecule [7,8]. This
stretch includes the first methionyl residue (position
27) and the first aspartyl—prolyl bond (residues
31-32) which is cleaved by acid. The second
methionine (position 53) is succeeded by serine which
explains why CNBr gave incomplete cleavage at this
point (see [19]). Following the third methionine in

20 25 30

Glu-Arg-Asp-Cys-Arg-Val-Ser-Ser-Phe—-Arg-Val-Lys—-Glu-Asn-Phe-Asp-Lys-Ala-Arg-Phe-Ser-Gly-Thr-Trp-Tyr-Ala-Met~Ala-Lys-Lys-

3 35 40 45 50 55 60
-Asp-Pro-Glu-Gly~-Leu-Phe-Leu~-Gln-Asp-Asn-Ile-Val-Ala-Glu-Phe-Ser-Val-Asp-Glu-Thr~Gly~Gln-Met-Ser-Ala-Thr-Ala-Lys-Gly-Arg-

61 65 70 75 80 85 90
-Val-Arg-Leu-Leu-Asn-Asn-Trp-Asp-Val-Cys-Ala-Asp-Met-Val-Gly-Thr-Phe-Thr-Asp-Thr-Glu-Asp~Pro-Ala-Lys~Phe-Lys-Met-Lys-Tyr-

91 95 100 105 110 115 120
-Trp-Gly-Val-Ala-Ser~Phe-Leu-Gln-Lys-Gly-Asn-Asp-Asp-His-Trp-Ile~Val-Asp-Thr-Asp-Tyr-Asp-Thr-Tyr-Ala-Val-Gln-Tyr~Ser~Cys-—

1219 125 130 135 140 145 150
-Arg-Leu-Leu-Asn-Leu-Asp-Gly-Thr-Cys-Ala-Asp-Ser-Tyr-Ser—-Phe-Val~Phe-Ser-Arg-Asp-Pro-Asn-Gly-Leu-Pro-Pro-Gln~Ala-Gln-Lys—

151 155 160 165 170 175 180
-Ile-Val-Arg-Gln-Arg-Gln-Glu-Glu-Leu-Cys~Leu-Ala-Arg-Gln-Tyr—Arg-Leu-Ile-Val-His-Asn-Gly-Tyr-Cys-Asp-Gly-Arg-Ser-Glu-Arg-

181
-Asn-Leu.

Fig.2. Primary structure of the human retinol-binding protein.
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position 73 the second aspartyl—prolyl bond occurs
(residues 82—83) only 6 residues before the fourth
methionine (position 88). The third aspartyl—prolyl
bond in the sequence occurs at positions 140—141. It
it obvious that all 3 aspartyl—prolyl bonds are highly
susceptible to limited acid hydrolysis. The two
clostripain peptides Cl-1 and C1-2 have arginine in the
COOH-terminus consistent with the specificity of the
enzyme. Likewise, the Staph. aureus peptide was
generated on cleavage of a glutamyl—leucyl bond
confirming the specificity of this enzyme.

Several laboratories including our own have
presented data regarding the carboxy-terminal amino
acid sequence of RBP [18—21]. As these determina-
tions have been at variance, particular attention was
paid to this region. The data presented here were
obtained by carboxypeptidase-digestions, sequencing
of a large peptide (Sa-1) in the automatic sequencer,
and isolation and manual sequence determination of
tryptic peptides. The sequence now established differs
from all previously published. Our earlier data 18],
demonstrating arginine and lysine as COOH-terminal
residues of RBP, were most probably due to tryptic
activity in our carboxypeptidase preparations. It has
been suggested [21] that the sequence is Arg-Leu. It is
likely that they overlooked the asparaginyl residue
due to its low ninhydrin colour yield. Moreover, in
most amino acid analysis systems asparagine occurs in
about the same position as serine.

The amino acid compositions of the individual
CNBr fragments were in good agreement with the
sequence established. Furthermore, the amino acid
composition of intact RBP was in excellent agreement
with that calculated from the primary structure
information and was very similar to the compositions
[18,22] with the obvious exception of [21]. These
authors found markedly lower contents of amide and
isoleucine and higher values of methionine and
tryptophane.

The knowledge of the primary structure of RBP is
a prerequisite for determinations of its tertiary struc-
ture. Such an analysis is now feasible and may be very
rewarding as the RBP molecule is engaged in at least
3 molecular interactions, i.e., with prealbumin, with
retinol and with a cell surface receptor [23].
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