T20Z ‘€z Joquisidas uo 1sanb Aq papeojumoq



Downloaded by guest on September 23, 2021

5154 Biochemistry: Hammond et al.

Fi1G. 1. The partial restriction map of human liver CBG cDNA
and a diagrammatic summary of the sequencing strategy. Restriction
fragments were subcloned into M13mp18 and M13mp19, and the
single-stranded templates were sequenced by the dideoxy chain-
termination method (19) in the directions shown by the arrows. v,
Hae 111; 0, Sau3A; m, BamHI; e, Sal 1, @, Pvu Il.

generate sufficient amounts of appropriate restriction frag-
ments for sequencing (Fig. 1).

Immunochemical Identification of Fusion Proteins. In pre-
liminary experiments (20), fusion proteins were prepared
from three clones originally isolated using the anti-human
CBG antiserum. This was accomplished by preparing a plate
lysate of each clone in the presence of 10 mM isopropyl
B-D-thiogalactoside, and then removing the top agar layer and
centrifuging it at 25,000 X g. The supernatant was removed
and analyzed in an RIA for human CBG (6, 20).

Isolation and Electrophoresis of mRNA. Total RNA was
extracted from rhesus monkey tissues by the lithium chlo-
ride/urea method (21), and poly(A)* RNA was isolated by
oligo(dT)-cellulose chromatography (22). The poly(A)* RNA
was resolved on a 1% agarose gel in the presence of
formaldehyde (23) and then transferred to a nylon membrane
(GeneScreenPlus; New England Nuclear) by capillary blot-
ting (24). The RNA gel blot was baked, prehybridized, and
then hybridized with radiolabeled human CBG ¢cDNA in 50%
(vol/vol) formamide (16 hr at 42°C). The blot was washed at
high stringency, as follows: twice for 5 min with 2x SSC at
room temperature, twice with 2X SSC/1% NaDodSO, at
60°C for 30 min, and twice with 0.1x SSC for 30 min at room
temperature.

DNA Sequencing. Appropriate restriction enzyme frag-
ments of hepatic and pulmonary CBG cDNAs were sub-
cloned into M13mp18 and M13mp19 bacteriophage vectors
for the production of single-stranded templates (Fig. 1).
These were then sequenced by the dideoxy chain-termination
method (19).

RESULTS

Isolation of CBG cDNAs. During the initial immunochem-
ical screening of the human liver cDNA library, =0.01% of
the plaques examined gave a positive signal. The B-galacto-
sidase fusion proteins produced by three clones isolated in
this way were tested in a specific RIA for human CBG (6) and
were found to displace as much as 75% of the pure CBG used
as radiolabeled ligand (20). These three clones contained
cDNA inserts between 1.07 kilobases (kb) and 1.43 kb long
and appear to represent the same mRNA on the basis of their
restriction maps (20). One of these cDNAs was used as a
probe to rescreen the liver cDNA library in an attempt to
isolate a full-length CBG cDNA. The largest cDNA obtained
was 1458 base pairs long and its restriction map is shown in
Fig. 1.

When the liver CBG ¢cDNA was used to screen 2 X 10°
plaque-forming units from a human lung cDNA library, 14
hybridization signals were obtained and subsequently
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cloned. Plaques produced by these clones in the presence of
isopropyl B-D-thiogalactoside were also probed with the CBG
antiserum, and two of them gave a positive signal. This is
consistent with a 1 in 6 probability that the cDNAs are
inserted in the correct orientation and reading frame to
produce a fusion protein. The cDNAs isolated from the lung
library were 1.4 kb long and have restriction maps that are
similar to the liver CBG cDNAs (Fig. 1).

Tissue Distribution of CBG mRNA. The human liver CBG
cDNA was used as a probe to detect CBG mRNA on RNA
gel blots of poly(A)*™ RNA prepared from rhesus monkey
liver, kidney, and testis (Fig. 2). After only a 2-hr autoradio-
graphic exposure, it was possible to detect a signal in the
lanes containing liver poly(A)* RNA, the position of which
corresponded to that of the 1.63-kb DNA standard. After 6
hr, signals could be detected in approximately the same
position in the lanes containing testis and kidney poly(A)*
RNA, and these were clearly visible after an 18-hr exposure.

Human Liver and Lung CBG ¢DNA and Deduced Amino
Acid Sequences. The human liver CBG ¢cDNA and deduced
amino acid sequences are presented in Fig. 3. The first open
reading frame encodes for a peptide of 405 amino acids that
starts at an initiation codon 35 nucleotides from the 5’ end of
the molecule and ends with a TAA termination codon located
169 nucleotides before the polyadenylylation site. There is
also a second in-frame cistron for a peptide of 23 amino acids
that is located within this 3’ region of the molecule, and its
position is indicated in Fig. 3. A small percentage of eukary-
otic mRNAs are known to be polycistronic (25), but the 3’
position of this ‘‘minicistron’’ is unusual because the second
cistron is often located on the 5’ side of the major coding
sequence. We have no evidence that it encodes a functional
protein, but if it does its predicted amino acid sequence
(single-letter code) would be as follows:

NHMFWRAGGFPQSPPSSSPSNQSCV

However, its AUG codon lies in an unfavorable context for
40S ribosomal subunit binding and the initiation of translation
(25).

The known NH,-terminal sequence of human CBG (5, 11)
is located between residues 23 and 31 in the peptide encoded
by the first open reading frame (Fig. 3). The preceding 22
amino acids are predominantly hydrophobic in character, and
this leader sequence probably serves as a signal peptide that
is cleaved during production of the mature peptide (26). If this

LLTTKK
VVVVYVYY

LLTTKK
VYVVYYY

LLTTKK
YVVVVY

Kb

+6.75
+4.26

+2.26
F1.98

r1.63

r0.58

2hr 6hr 18hr
Film Exposure Time

FiG. 2. RNA blot-hybridization analysis of CBG mRNA in
poly(A)* RNA extracts of rhesus monkey liver (L), testis (T), and
kidney (K). Poly(A)* RNA (2 ug per lane) was separated on a 1%
agarose/formaldehyde gel, blotted into a GeneScreenPlus nylon
membrane, and hybridized with the human liver CBG cDNA probe.
The autoradiogram was exposed for 2, 6, and 18 hr at —70°C. The
positions of denatured DNA standards are shown at the right.
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Nucleotide sequence of the human liver CBG cDNA and the derived amino acid sequence of the precursor CBG peptide. The amino

acids in the mature peptide are numbered 1-383, and those in the putative signal peptide are numbered —22 to —1. The six potential
N-glycosylation sites are indicated by dots. A second in-frame minicistron that codes for 23 amino acids is underlined (see text for predicted
amino acid sequence). In the 3'-untranslated region, a possible polyadenylylation signal is also underlined. The lung CBG cDNA sequence started
48 nucleotides from the 5’ end of the liver CBG cDNA, and apart from one nucleotide (given below the liver sequence) these two cDNA sequences
are identical through to their polyadenylylated 3’ termini. This difference results in an amino acid substitution in the putative signal peptide of
CBG (position —16) deduced from the lung cDNA; i.e., a threonine (liver) to an alanine (lung).

is the case, the mature peptide is 383 amino acids long and has
a molecular weight of 42,646. The mature peptide contains
only two cysteine residues at positions 60 and 228. There are
also six consensus sequences for the possible attachment of
N-linked oligosaccharide chains at the positions indicated in
Fig. 3.

The human lung CBG cDNA does not extend beyond
residue —18 in the precursor peptide. However, its sequence
is identical to that of the liver CBG cDNA with the exception
of a single nucleotide, the position of which is indicated in
Fig. 3. This difference results in a conservative amino acid
substitution: the threonine at residue —16 in the precursor
peptide of the liver sequence is an alanine in the lung
sequence.

When the nucleotide and deduced amino acid sequences of

human CBG were compared with published sequences of
several other human steroid binding proteins—including the
glucocorticoid (27) and estrogen (28) receptors, albumin (29),
vitamin D binding protein (30), a-fetoprotein (31), and sex-
hormone binding globulin (32)—no significant sequence ho-
mologies were observed. However, when the cDNA-de-
duced, precursor CBG amino acid sequence was also com-
pared to the sequences in the protein sequence database of
the Protein Identification Resource’ using the optimizing
algorithm (FASTP) of Lipman and Pearson (33), CBG
showed a surprisingly strong similarity to several members of

“Protein Identification Resource (1986) Protein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC), Release 10.0.
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FiG. 4. Comparison of the amino acid sequences (single-letter code) of human CBG and a;-antitrypsin (A1AT) precursor peptides. The
numbering of amino acids is given from the NH, terminus of the mature peptides in both cases. Identical amino acids in the same position are
indicated by double dots, whereas conservative differences in amino acids are designated by a single dot. An X marks the boundaries of the
366-amino acid overlap that gave 43.2% identity in the positions of individual residues. The arrow indicates the target site on a;-antitrypsin that

is cleaved by elastase.

superfamily 260, most of which are serine protease inhibitors
(serpins). In particular, the most striking similarities were
observed between human CBG and human a;-antitrypsin
precursor (43.2% identity in a 366-amino acid overlap with no
deletions or insertions, Fig. 4), a;-antichymotrypsin precur-
sor (44.2% identity in a 373-amino acid overlap), and anti-
thrombin-1III precursor (31.3% identity in a 386-amino acid
overlap). In addition, the same program showed a strong
similarity between the deduced amino acid sequences of
human CBG and human thyroxine-binding globulin precursor
(42.0% identity in a 371-amino acid overlap; data from ref.
34), and plasminogen-activator inhibitor precursor (26.6%
identity in a 369-amino acid overlap; data from ref. 39).
Further comparison of the CBG sequence with randomly
permuted versions of each of these sequences using the
program RDF (33) gave Z values of >>10, thereby confirm-
ing the statistical significance of the similarities. A compar-
ison of the amino acid sequences of human CBG and
a;-antitrypsin is presented in Fig. 4.

DISCUSSION

The cDNAs we have sequenced have enabled us to deduce
the primary structure of human CBG, and this information
confirms and extends biochemical observations related to its
physicochemical characteristics. The precursor peptide con-
tains the known NH,-terminal sequence of human CBG (5,
11) and suggests that a 22-amino acid signal peptide is
probably removed during translational processing, prior to
the secretion of the mature glycoprotein (26). The predicted
molecular mass and amino acid composition of the mature
peptide agree with estimates based on biochemical analyses

of the pure protein (5, 6, 10, 11). There are six consensus
sequences (Asn-Xaa-Ser/Thr) for the attachment of N-linked
oligosaccharide chains, five of which are probably utilized
according to available information (7).

We also observed only two cysteine residues in the
sequence of the mature form of CBG, and this agrees with
previous estimates (9-11). These cysteines do not appear to
be linked (9), and one of them is located within a hydrophobic
pocket that contains the steroid binding site (8, 9). Analyses
of hydropathy plots (36) and secondary structure predictions
(37) indicate that both cysteines are likely to be located as the
third residue in tetrapeptide B-turns that are both surrounded
by relatively hydrophobic regions of the molecule. The
cysteine at position 60 is predicted to be flanked by a-helical
structures of =8 residues that are both located in relatively
hydrophobic regions and that may, therefore, be located in
the interior of the protein. On the other hand, the cysteine at
position 228 appears to have a B-sheet structure in the
COOH-terminal direction that possibly extends to residue
244. A possible coil structure extends for 10-15 residues from
this cysteine in the NH,-terminal direction and contains a
number of charged residues (positions 222, 223, and 225) that
could provide potential for electrostatic interaction. This,
together with the fact that the amino acid sequences of human
and rat CBGs are very similar in the regions surrounding the
cysteine at position 228 (unpublished data), suggests that it is
probably located within the steroid binding domain.

The identification of CBG mRNA in tissues other than the
liver is an important finding, because it indicates that CBG in
glucocorticoid responsive cells (2, 13) may result from low
levels of CBG synthesis rather than a sequestration of the
protein from the blood circulation. Of particular interest was
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the presence (0.007% of the total cDNA population) of CBG
cDNAs in a human lung cDNA library. These human lung
cDNAs are similar in length, and all have the same restriction
map, but only 2 out of 14 cDNAs produce a fusion protein that
is recognized by the anti-human CBG antisera. This indicates
that they are not amplified copies of a single cDNA and
probably represent different copies of CBG mRNAs. They,
therefore, appear to represent a level of abundance of CBG
mRNA in pulmonary tissue that is only an order of magnitude
lower than that associated with the liver.

The human liver and lung libraries we have screened were
prepared from tissues taken from different individuals, and
the difference in the sequences of the CBG cDNAs isolated
from these libraries, therefore, may reflect a point mutation.
This difference results in a conservative amino acid substi-
tution in the lung leader sequence. There is, therefore, no
reason to suspect that it would alter the structure of the
protein nor is there reason to suspect that they may be
separate gene products since preliminary information indi-
cates that CBG, like other members of the serpin superfam-
ily, is most probably the product of a single-copy gene
(unpublished data). The frequency of this type of apparent
polymorphism has yet to be determined, but there are a
number of reports of variant forms of CBG that exhibit
abnormalities in steroid binding affinity (38, 39). These
mutations appear to be inherited (39) and can alter the
conformation of the peptide so that it loses certain antigenic
epitopes (40). The availability of a CBG ¢cDNA will now
permit the exact location of the mutation(s) responsible for
these variant proteins.

Our most unexpected finding was that human CBG does
not share any sequence homology with other steroid binding
proteins but is evidently related to a number of proteins that
constitute the serpin superfamily (41). Most of the members
of this group of structurally related proteins are serine
protease inhibitors with a well-defined structural-functional
characteristic; i.e., a reactive region of the molecule that acts
as a ‘‘bait’’ for an appropriate serine protease (42). For
a;-antitrypsin, the site is the linkage between residues 358
and 359 (Met-Ser) in its mature sequence (Fig. 4), and the
target enzyme is elastase (41). Therefore, if human CBG is
attacked by a serine protease, one might expect that the
target site would be the corresponding Thr-Ser identified in
Fig. 4. Although it is known that the specificity of serine
proteases for a particular amino acid within the target region
of their inhibitors is not absolute (42), a threonine in this
position has not been identified as a target for any known
serine proteases. In this regard, it is also important to note
that this region of the human CBG molecule is immediately
preceded by a potential glycosylation site, which is not
present in the amino acid sequences of serpins with known
serine protease inhibitory activity. Nevertheless, it is inter-
esting to speculate that cleavage of human CBG at a location
rich in serine proteases, such as a site of inflammation, could
disrupt its steroid binding site and result in the local release
of cortisol. Moreover, this could be of particular physiolog-
ical importance since >90% of this steroid is bound by CBG
in the blood circulation.
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