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Structure and Negative Transcriptional Regulation by Glucocorticoids of the 
Acute-Phase Rat al-Inhibitor I11 Gene+,$ 
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ABSTRACT: DNA clones representing the negative acute-phase gene coding for the plasma proteinase inhibitor 
al-inhibitor I11 were isolated from a rat genomic library. Structural analysis established the existence of 
a t  least four different members of the al-inhibitor I11 gene family. Partial DNA sequence analysis of the 
5’-terminal regions was performed for the al-inhibitor I11 gene and the related al-inhibitor IV gene. The 
transcription start site of the al-inhibitor I11 gene was located by S1 mapping and primer extension. No  
stable al-inhibitor IV mRNA was detected in rat liver. In an experimentally induced acute-phase reaction, 
the transcription rate of the al-inhibitor I11 gene was reduced 12.7-fold at 6 h after stimulation. Four hours 
after injection of a high dose of dexamethasone into rats, the transcription rate of this gene was reduced 
9-fold. Thus, glucocorticoids alone are capable of causing a strong transient down-regulation of the 
transcription of this gene in rats, independent of other inflammatory mediators. An inverted consensus 
glucocorticoid responsive element (SGG$AzA:T3’) shared with the glucocorticoid-regulated al-fetoprotein, 
a2,-globulin, and al-acid glycoprotein genes was detected by computer-assisted sequence analysis in the 
promoter proximal 5’-flanking region of the al-inhibitor I11 gene. 

w t h  normal concentrations of 6-10 mg/mL, al-inhibitor 
I11 ( ( ~ ~ 1 3 ) ~  is the second most abundant plasma globulin in 
rats after albumin (Gauthier & Ohlsson, 1978; Esnard & 
Gauthier, 1980; Esnard et al., 1985; Lonberg-Holm et al., 
1987). It is a thiol ester protein, and together with the related 
a,-macroglobulin (a lM)  and a2-macroglobulin ( a 2 M ) ,  it is 
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part of a protein family that also includes complement com- 
ponents C3, C4 and C5 (Sottrup-Jensen et al., 1985; Sott- 
rup-Jensen, 1987; Gehring et al., 1987; Braciak et al., 1988). 
While azM is the most dramatically increased acute-phase 
protein in rats, a l M  and C3 are increased only about 2-fold 
during an acute-phase response, and al13 is among the most 
strongly down-regulated acute-phase proteins in rats. During 
the first few days of an acute-phase response, al13 concen- 
trations fall to 1-2 mg/mL, and during chronic inflammations, 
they further decline to less than 0.5 mg/mL (Lonberg-Holm 
et al., 1987). 

We have recently isolated and sequenced al13 cDNA clones 
and deduced the al13 protein sequence (Braciak et al., 1988). 
The mature al13 polypeptide is 1453 amino acids in length 

Bank under Accession Number 5035’52: 
* Correspondence should be addressed to this author at the Depart- 

ment of Immunology, IMM14, Research Institute of Scripps Clinic, 
10666 North Torrey Pines Rd., La Jolla, CA 92037. 

I Present address: Welcome Unit of Molecular Parasitology, De- 
partment of Veterinary Parasitology, Bearsden Rd., Glasgow G61 1QH 
Scotland, United Kingdom. 

* Abbreviations: al13, a,-inhibitor 111; a,I4, a,-inhibitor IV; a*M, 
a,-macroglobulin; a , M ,  a,-macroglobulin; aIAGP, ai-acid glycoprotein; 
a,FP, a,-fetoprotein; SDS, sodium dodecyl sulfate; PIPES, piperazine- 
N,N’-bis(2-ethanesulfonic acid); bp, base pair@); kbp, kilobase pair(s); 
HSF, hepatocyte stimulating factor; IL-6, interleukin 6; GRE, gluco- 
corticoid receptor element. 

0006-2960/89/0428-0084$01.50/0 0 1989 American Chemical Society 



Negative Acute-Phase al-Inhibitor I11 Gene Family 

with a calculated molecular weight of 161 053. In that study, 
we also reported the observation of at least four structurally 
distinct variant classes of al13 liver mRNA species. This 
observation was unexpected, because heterogeneity of al13 had 
not been previously detected at the plasma protein level. We 
concluded that the most likely explanation was the existence 
of a small al13 gene family. Here we provide definitive proof 
for this hypothesis through the isolation and structural 
characterization of five different types of al13 genomic DNA 
clones. It is not yet known whether all of these clones represent 
functional genes. We were unable to detect cytoplasmic 
mRNA in rat livers for one member of this family, called 
al-inhibitor IV ( ( ~ ~ 1 4 ) .  However, several members of this 
family are simultaneously expressed in rat liver, because 
corresponding liver mRNA species were detected in the form 
of cloned cDNA both by our group and others (Braciak et al., 
1988; Schweizer et al., 1987; Aiello et al., 1988; Feigelson, 
personal communication). 

al13 is a plasma proteinase inhibitor (Gauthier & Ohlsson, 
1978; Esnard & Gauthier, 1980; SottrupJensen, 1987). From 
the variant cDNA sequences, we deduced that different 
members of the a-macroglobulin family and the al13 subfa- 
mily possess different bait regions and predicted they may 
inhibit different spectra of proteinases (Gehring et al., 1987; 
Braciak et al., 1988). a-Macroglobulins are multifunctional 
polypeptides. Apart from serving as proteinase inhibitors, they 
also function as carrier proteins for metal ions, small basic 
polypeptides, and hormones such as platelet-derived growth 
factor (Barrett, 1981; Huang et al., 1984). An additional 
function for al13 as a general clearance protein has recently 
been suggested (Braciak et al., 1988). Human equivalents of 
al13 are unknown, but the nucleotide sequences of rat al13 
presented here may become useful tools in the search for the 
human homologues and their functions. 

We have isolated rat aI13 genomic DNA clones to study 
the mechanism of the transcriptional down-regulation of this 
gene during the acute-phase response. The a-macroglobulin 
gene family is an excellent model for such studies because the 
closely related members of this family are regulated very 
differently by inflammatory mediators. The comparison of 
the control mechanisms of the different members of this family 
is expected to facilitate the identification of the cis- and 
trans-acting acute-phase responsive control elements of these 
genes. In a parallel study, we have isolated the rat a2M gene 
and initiated the characterization of its transcriptional control 
region (Northemann et al., 1988b). The transcription increase 
of the azM gene occurring during an acute-phase response is 
dependent on the action of glucocorticoids and other inflam- 
matory mediators (Northemann et al., 1988a), while other 
acute-phase genes, such as the rat a,-acid glycoprotein gene, 
can be regulated independently by both classes of agents 
(Kulkarni et al., 1985a,b; Baumann & Maquat, 1986; Klein 
et al., 1987). Therefore, we have asked whether the effects 
of both groups of agents on the expression of the al13 gene 
can be separated. Here we have investigated the effect of 
glucocorticoids alone on the transcription of this gene in living 
rats and have compared them with the expression changes that 
occur during an acute inflammatory response. 

EXPERIMENTAL PROCEDURES 
Animals and Materials. Male Fisher 344 rats were ob- 

tained from Simonsen Laboratories, Gilroy, CA. Primer ex- 
tension/RNA sequencing was performed with the Gem Seq 
transcription sequence system from Promega. Synthetic oli- 
gonucleotides were produced on an Applied Biosystems Model 
380A DNA synthesizer. Prior to their use as primers, oli- 
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gonucleotides were separated electrophoretically in poly- 
acrylamide-urea gels and gel-eluted. 

Isolation and Mapping of Genomic DNA Clones. A total 
of 500000 plaques were plated for each of the two rat genomic 
DNA libraries, the EcoRI partial digest library (Sargent et 
al., 1979) and the Hue111 partial digest library (Sargent et 
al., 1981). Plaque lifts were performed on Genescreen nylon 
membranes. The filters were hybridized in a first round with 
nick-translated cDNA fragments representing all of the se- 
quences coding for the mature a113 prototype polypeptide 
(gel-eluted BamHI restriction fragments of cDNA clone 
pRLAlI3/235; Braciak et al., 1988). Hybridization was 
performed in 50% formamide, 20 mM piperazine-N,N’-bis- 
(2-ethanesulfonic acid) (PIPES), 0.8 M sodium chloride, 1 
mM EDTA, and 0.1% sodium dodecyl sulfate (SDS), con- 
taining 100 pg/mL single-stranded salmon sperm DNA at pH 
6.5,42 OC, for 24 h. The filters were washed and exposed for 
autoradiography by using standard procedures (Maniatis et 
al., 1982). The first-round isolates were rescreened with a 
nick-translated cDNA probe representing a 585 bp BamHI 
fragment from the 5’ end of the insert of clone pRLAlI3/23J 
(Braciak et al., 1988). X phages resulting from this second 
screen were purified to homogeneity, and restriction maps for 
the enzymes EcoRI, BamHI, KpnI, XbaI, and Hind111 were 
prepared for the phages XRA113G-3, yRAlI3G-8, and 
XRA113G-21 by standard procedures (Maniatis et al., 1982). 

Southern Blot Analysis. Preparation of DNA from adult 
rat liver, digestion with EcoRI, electrophoresis, and Southern 
blot analysis were performed by standard procedures (Maniatis 
et al., 1982). The DNA was transferred to a Genescreen 
membrane by electroblotting in 25 mM sodium phosphate, pH 
6.5, using a Bio-Rad transblot cell and fixed on the membrane 
by illumination for 3 min with ultraviolet light as described 
(Gehring et al., 1987). The membrane was prehybridized and 
hybridized with 200 ng of a kinase-labeled oligonucleotide 
probe (cDNA nucleotides 208-241; Braciak et al., 1988), 
washed, and exposed for autoradiography under standard 
conditions (Maniatis et al., 1982). 

DNA Sequence Analysis. Three adjacent EcoRI fragments 
of 2.68, 1.27, and 1.23 kbp of clone XRA113G-3 comprising 
the 5’-terminal region of the al13 gene and two adjacent XbaI 
fragments of 2.04 and 2.06 kbp of clone XRAlI3G-21 rep- 
resenting the corresponding region of the al14 gene were 
subcloned in M 13 phage vectors. Double-stranded replicative 
intermediate DNA was prepared; the inserts were recovered 
in microgram quantities and randomly subcloned into M13 
vectors by established procedures (Bankier & Barrell, 1983). 
DNA sequencing was performed by using the dideoxy se- 
quencing technique (Sanger et al., 1977; Bankier & Barrell, 
1983). DNA sequence data were collected, aligned, and an- 
alyzed using Staden’s DB system and ANALYSEQ programs 
(Staden, 1986) and the University of Wisconsin Genetics 
Computer Group programs (Devereux et al., 1984) on a Di- 
gital VAX 11/750 computer. Sequencing of random clones 
was continued until each character of the final sequence was 
covered at least once, preferably twice on each strand. On 
average, each nucleotide was read from six to seven inde- 
pendently sequenced M 13 clones, resulting in databases of 
53 043 and 19 869 characters of primary sequence data for the 
5.18 kbp al13 gene segment and the 4.09 kbp al14 gene seg- 
ment, respectively. 

Experimental inflammation and mRNA extraction as well 
as size selection of polyadenylated mRNA by sucrose gradient 
sedimentation were performed as previously described (Geh- 
ring et al., 1987; Braciak et al., 1988). 
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S I  Mapping. A 1.1 kbp KpnIIEcoRI genomic DNA 
fragment containing exon 1 of the al13 gene (Figure 4) and 
two fragments each containing exon 1 of the aI14 gene (a 2.06 
kbp XbaIIXbaI fragment and a 0.59 kbp NcoIISau3A frag- 
ment) were subcloned into the phage vector M13 mp8. The 
constructs were verified by partial DNA sequencing. Single 
white plaques (infected colonies) were isolated for those 
constructs that produced single-stranded phage with inserts 
complementary to the mRNA. Escherichia coli 
JMlO1-TG1 cells infected with these phages were grown in 
liquid cultures as described (Bankier & Barrell, 1983) in the 
presence of 1 mCi of [32P]orthophosphate. Internally labeled, 
single-stranded phage DNA was prepared according to 
standard procedures (Bankier & Barrell, 1983). One-half 
microgram of 32P-labeled DNA was annealed with 10 pg of 
size-enriched, polyadenylated mRNA over 4000 nucleotides 
in length. The mRNA was prepared from livers both of 
normal rats and of rats 18 h after intraperitoneal injection of 
complete Freund’s adjuvant (CFA). The annealing reaction 
was performed in a 20-pL volume in 60% formamide, 10 mM 
PIPES, pH 6.4, 0.4 M sodium chloride, and 1 mM EDTA for 
14 h at 50 OC. To stop the reaction, the annealing mix was 
chilled on ice and diluted with 180 pL of ice-cold S1 buffer 
containing 280 mM sodium chloride, 4.5 mM zinc acetate, 
and 30 mM sodium acetate, pH 4.4. The sample was then 
treated with 600 units of S1 nuclease in the presence of 5 pg 
of single-stranded salmon sperm DNA for 45 min at 37 OC. 
The nucleic acids were then extracted with phenol and pre- 
cipitated with ethanol. The precipitate was redissolved in 7 
pL of 10 mM TrislO.1 mM EDTA, pH 8.0, and a 3-pL aliquot 
was applied to a sequencing gel (Bankier & Barrell, 1983). 

Primer ExtensionlRNA Sequencing. The 30-nucleotide 
signal peptide oligonucleotide underlined in Figure 3A was 
used as a primer. Ten nanograms of the primer was annealed 
for 10 min at 60 O C  and for an additional 30 min at 42 O C  
with size-enriched mRNA (over 3000 nucleotides in length) 
from rats 18 h after induction of an experimental inflamma- 
tion, according to protocols provided with the Gemseq tran- 
script sequencing system (Promega). Then 2.5 pL (25 pCi) 
of [a-35S]thio-dATP was added to the annealing mixture, and 
the extension and stop reactions were performed following the 
instructions of the supplier of the Gemseq kit (Promega Notes, 
number 7, January 1987). Aliquots (3 pL) were electro- 
phoresed in sequencing gels. 

Transcription Rate Measurements and Dot Blot Analysis 
of Nuclear RNA Species. Nuclear run-on experiments were 
performed as published (Northemann et al., 1985). The target 
DNA sequences immobilized on the filters were the plasmids 
pRSA13 and pRSA57, each carrying approximately 1200 bp 
of cDNA sequence inserts representing the 3’ and 5‘ parts of 
the rat albumin mRNA sequence (Sargent et al., 1979). The 
plasmid DNA was linearized by partial digestion with PstI. 
The a2-macroglobulin plasmid pRLA2M129 (Gehring et al., 
1987) and the al13 plasmid pRLAlI3/23J (Braciak et al., 
1988) contained approximately 4 600 bp of cDNA sequence 
inserts each. These plasmids were linearized by digestion with 
BamHI. Fifteen micrograms of plasmid DNA was immobi- 
lized on each filter. RNA was extracted from isolated nuclei 
with guanidinium thiocyanate and purified by centrifugation 
through a 5.7 M cesium chloride cushion as described (Shiels 
et al., 1987). The purified RNA was resuspended in sterile 
water and stored at -70 O C .  For dot hybridization, 15 pg of 
RNA (per dot) was diluted in 50 pL of 25 mM sodium 
phosphate buffer, pH 5.5, and heat denatured for 15 min at 
65 O C .  The samples were then chilled on ice, and 100 pL of 
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ice-cold 25 mM sodium phosphate buffer, pH 5.5, was added. 
The RNA was deposited on a Genescreen nylon membrane 
using a Schleicher & Schuell minifold apparatus. The nucleic 
acids were fixed on the membrane by illumination with ul- 
traviolet light as described (Gehring et al., 1987). Hybrid- 
ization with radiolabeled probes specific for the first intron 
of the al13 and the third intron of the alAGP gene and wash 
conditions were as published (Shiels et al., 1987). 

RESULTS 
Rat Genome Contains a Family of al13-Related Genes. An 

unexpectedly large number of 148 genomic DNA clones were 
isolated by screening only 2 complexities of each of 2 different 
rat genomic DNA libraries with cDNA probes representing 
the coding sequences for the al13 protein (Braciak et al., 1988; 
Experimental Procedures). To focus on the 5’ end of the gene, 
these isolates were rehybridized with a cDNA fragment rep- 
resenting the 5’-proximal part of the a113 mRNA. Of the 11 
resulting clones, 9 had different restriction cleavage patterns, 
and 3 were identical. The nine clones fell into five groups with 
different EcoRI cleavage patterns (Figure lC, groups I-V). 
Group I (clones XRA113G-3, -8, and -46) carries a charac- 
teristic 2.7 kbp EcoRI fragment that hybridized with an 01- 
igonucleotide probe from the signal peptide coding sequence 
of the al13 prototype (Braciak et al., 1988; Figure 1, panel 
B, tracks 1, 2, and 7). Group I1 (clone XRA113G-16) differs 
from group I by a long EcoRI fragment at the 3’ end of its 
insert. Group I11 (XRA113G-21) shows a 10.5 kbp EcoRI 
fragment hybridizing with the signal peptide probe (Figure 
lB, track 4). We have designated the gene represented by this 
clone as the al-inhibitor IV (a114) gene. Group IV clones 
XRA113G-38 and XRA113G-45 carry a 5.8 kbp EcoRI frag- 
ment hybridizing with the signal peptide probe, which is 
truncated in clone XRA113G-38 (Figure lB, tracks 5 and 6). 
Finally, group V includes clones XRA113G-53 and 
XRA113G-54, with a similarly sized 5.8 kbp EcoRI fragment 
as group IV, but differing from group IV clones in the size 
of another EcoRI fragment, located at the 3’ end of the insert 
in clone XRA113G-53 (Figure lB, tracks 8 and 9, Figure 1C). 
From the restriction patterns, the probe sequences, and the 
hybridization conditions used, we deduced that none of these 
isolates were either a2M or a l M  clones. 

Southern blot analysis of rat genomic DNA digested with 
the restriction enzyme EcoRI was performed under stringent 
conditions of hybridization (Figure 2) and revealed four 
fragments of 10.5, 5.8, 3.7, and 1.27 kbp hybridizing with an 
a113 gene exon 2 specific 34-mer oligonucleotide probe (nu- 
cleotides 208-241 in the al13 prototype cDNA sequence; 
Braciak et al., 1988). Two of these were the characteristic 
EcoRI fragments of groups I11 and IV/V, respectively, as 
described above. Under the conditions of hybridization used, 
this probe does not cross-hybridize with a2M sequences. The 
a,I3 exon 2 specific probe also differs substantially in its 
sequence from the known a l M  cDNA sequence (Eggertsen, 
Shiels, Hudson, and Fey, unpublished data) and is thus un- 
likely to cross-hybridize with a , M  sequences. Therefore, we 
conclude that the genomic fragments revealed in Figure 2, 
track 1, are (rl13 specific. Thus, the rat genome contains an 
al13 gene family with at least four different members posi- 
tioned at a minimum of two different gene loci. 

DNA Sequence of the 5’-Terminal Regions of the a113 and 
a114 Genes. The DNA sequences of a 5.18 kbp section from 
the 5’-terminal region of the group I genomic clone 
XRA113G-3 and of a corresponding 4.09 kbp section from the 
group I11 (al14 gene) clone hRA113G-21 were determined by 
random subcloning into M 13 vectors and dideoxynucleotide 
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n o w  1: RcStriaiw fragment mapping of a113 genomic DNA clonep. 
(A) Ethidium bromide stained genomic DNA fragments, separated 
in a 1% agarose gel. M: size marker, phage X DNA digested with 
HindIII, sizes of the marker fragments (in kbp) are indicated on the 
left side. Tracks 1-9: Restriction fragments from clones XRA113G-3, 
-8, -16, -21. -38, -45, -46, -53, and -54, generated with the enzyme 
EcoRI. (B) Autoradiography of a Southern blot from a similar gel 
of EcoRI fragments as shown in panel A. Tracks 1-9 Same order 
of clones as in panel A. The gel was treated with 0.25 M HCI to 
facilitate the transfer of high molecular weight fragments. DNA was 
denatured and reneutralized in the gel by standard procedures 
(Maniatis et al., 1982) and transferred to a genescreen membrane 
by capillary blotting in 25 mM sodium phosphate buffer, pH 6.5, as 
prescribed by the supplier (NEN/Dupont, Genescreen users manual). 
The blot was hybridized with a 30-mer synthetic oligonucleotide 
representing signal peptide coding sequences (underlined in exon I,  
Figure 3A), which was 5' end labeled with [y-'*P]ATP by p l y -  
nucleotide kinase. Clone hRAlI3G-16 hybridized with the cDNA 
search probe in the original screening procedure, but not with this 
signal peptide oligonucleotide. Sizes of the characteristic hybridizing 
bands (in kbp) are indicated on the right. (C) Restriction maps for 
the enzyme EcoRI (E) of the five different groups of a1I3-related 
genomic DNA clones. The inserts contained in all nine isolates are 
shown as open boxes. The total insert lengths in kilobases (kb) are 
given under each insert. Roman numbers on the right refer to the 
five groups of different restriction patterns as described in the text. 
Asterisks identify the location of the signal peptide oligonucleotide 
used as hybridization probe in panel B. Clone XRA113G-21 has a 
10.5 kbp EcoRl inserted fragment bounded by one natural EcoRI 
site and one linker site. The genomic DNA carries a natural EcoRI 
site in clox proximity downstream of this linker site, which gives rise 
to the natural 10.5 kbp EcoRl fragment visible in panel B, track 5. 

sequencing (Figure 3A.B). The 5.18 kbp region contains the 
first three exons, the first two introns, part of intron 3, and 
2.2 kbp of 5'-flanking sequence of the al13 gene. The exon 
sequences of this gene were identical with the published pro- 
totype al13 cDNA sequence of cDNA clone pRLAlI3/2J 
(Braciak et al., 1988), and thus group I genomic clones r e p  
resent the prototype a113 cDNA sequence. The 4.09 kbp 

23- m -10.5 
9.7- 
6.6- - -5.8 

-3.7 

.rc. -1.27 

1 2 3 4 5 6 7  
FIGURE 2: Southern blot analysis of rat genomic DNA. Rat genomic 
DNA (track I )  and purified DNA from the genomic phages 
XRAII3G-3, -8, -21, -45, -53, and -54 (tracks 2-7) were digested with 
the enzyme EcoRI, electrophoresed in an a g a m  gel, and transferred 
to a genescreen membrane. The blot was hybridized with a 34-mer 
oligonucleotide probe specific for a113 (cDNA nucleotides 208-241; 
Braciak et al., 1988) that was labeled with [y"P]ATP and poly- 
nucleotide kinase. Sizes of XDNA marker fragments produced by 
digestion with Hindlll (in kbp) are on the lek sizes of characteristic 
EcoRl fragments of different members of the a l l )  gene family (in 
kbp) are on the right. 

Table I Sequence Similarity between the 5'-Terminal Regions of 
the u.13 and a.14 (iencq 

region compared % identity region compared % identity 
5' Fs' 90.3 exon 2 98.9 
exon I' 90.0 intron 2 92.5 
intron I 90.4 exon 3 98.1 

*The lengths of the 5'-flanking sequence (FS) and of exon I of the 
a114 gene are defined by analogy with the a,13 gene. They were not 
determined directly, because the a,14 gene is not expressed in liver. 
Sequence similarities were calculated by the University of Wisconsin 
program BESTFIT (Devereux et al.. 1984). 

region of the a J 4  gene contains exons 2 and 3, introns 1 and 
2, part of intron 3, and an area homologous in sequence to exon 
1 of the a,13 prototype gene. However, the 5' boundary of 
exon 1 of the al14 gene has not been determined, because no 
stable mRNA products from this gene were found in liver (see 
below). In addition, this fragment included sequences 
equivalent to approximately 1 kbp of the 5'-flanking region 
of the al13 gene. The exon-intron block structure of these 
two fragments is schematically summarized in Figure 4. Both 
genes are closely related in their sequence (Table I). Exons 
2 and 3 show 98.9% and 98.1% identity, respectively, while 
introns 1 and 2 are 90.4% and 92.5% identical. The first 1000 
nucleotides of the aJ3 5'-flanking sequence are 90.3% con- 
served in the corresponding region of the al14 gene. The 
lengths of exons 2 and 3 identical, and the lengths of introns 
1 and 2 are within *20 bp of each other. Therefore, the 
members of the aJ3 gene family share a much greater degree 
of sequence identity with each other (over 90% in the exon 
sequences) than with the coding sequences of other a-ma- 
croglobulin genes (aJ3 and a2M protein sequences are 58% 
identical; Braciak et al., 1988; Gehring et al., 1987). 

Mapping the Transcription Start Site of the aJ3 Prototype 
Gene. The transcription start site of the aJ3 prototype gene 
(group I clone XRA113G-3) was mapped by a combination 
of S1 mapping (Figure 5) and primer extension/RNA se- 
quencing techniques (Figure 6). The length of exon 1 of the 
aI13 prototype gene was found to be 169 4 nucleotides 
(Figure 5, tracks 3 and 6). mRNA derived from this gene 
was present in normal adult liver (Figure 5, track 3) and in 
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A A T T C A T T A C  G A C T T A A G A G  C C T T G C A T G G  C A A T G G T G T G  C C T A T A A T C C  T A C T T C T A T G  G A G T T A G A A O  G A C C A A A T C C  C T T G G G A T T C  C T G T G T T A G A  

T G G T T T A A C C  T A A T T T A C A A  C T T T C A G C A T  C A A G A A A A A T  G T C T C A A T A A  G C A A G G T A A A  A A T G A C C C A A  G A C C T C T G T C  C T C T T T A C A A  A C A A G T A A A C  

A C A T G C A A G T  G C T C A T A A A A  A C A T A G A C A T  A T G T A C T C A G  A T A C A C T C A C  A C A G A C A C A G  A C A C A C A G A C  ACACACAGAC ACAGACACAG ACACAGACAC 

A C A C A C A C A C  A G A G A G A C A C  A C A f f i G C A T G  A A A G A G A G G A  A A A A G A G A A A  A A C P T T G A T T  A A C A T T T A A T  C T T T C T G A A A  T G A C A G T T T T  TCCCAGCACC 

A G A T A C T C P T  G A T G C C A G G A  C A G A A T C T G A  G A G C A C T C T C  A A G A T G T A G C  T A T A A A T T A A  A T T A G T A A G G  G G T T T A T A A A  G G C A A A A C T A  A C A A G G G T A T  

G T A C T T A A T G  C T T A A G T G C A  GCCAGCCACA C A T C C G G C C T  A C A T G C A G A A  A A G C A C A C A T  C T T T C A T G C T  GTCAGAGGCA A G C A A A C T T G  T T T A C A G G A G  

T G A A A A C A C G  T G A T G T G T T A  T C T T A C A T A A  A C A A A T C A G G  T A A T T C C A G G  T A T A A T T C T C  A C A T T C T A G G  A A T G T C A T C T  GTCCTAGGGC AAGTGGGGCT 

C A C A G G T T A G  A G C C A T T T T G  T T T T G T A T T A  A T T T T T A A A C  T T T T A A A C A T  A A T A T C C A C C  A T T G C A C A A T  A T T C T A T C T T  T T C T G A T A G T  T T T T G T T T G T  

T T T C A G T A T G  T C T G G C A A A T  A T G T G T C T C T  T G A T C G A C A T  A C C T T A G A C A  T A A C T G A T A T  T T T T A A G T T A  A A A T G C A A A A  C T G C C T C A T G  T T G T T T T T G T  

T T C T T G T A T T  A G G A T C T T C A  C A C A T A A C T C  G A A G C A C T A A  A A T G T A C A A T  A A A T C T T G A T  G C A T G T C C T G  T T T C T C C C A C  ACCTGGGTGT C T C T G A C T C G  

C A T G G T C A G T  G T G A G A G A C C  A G A C C A A C T C  CAGCCTGGGT T C A G G C T C C A  T C T T A G A G A G  C C T G G C C T A A  G G T T G A A C T C  A A G T T A C C C A  GCAAGCCTGC 

A T C T A G C A C T  A G T T T C C T A T  T G A T T A A T T T  GGGTTCAGAG G T C C A G C A A T  G A A A T A C A T A  A G T T T T A T G T  T G T T T T T C C T  T T C A A A C C C G  G G C A T A T C T C  

T G T G A A A G C T  C T A G C T G T C C  T G A A C T A A C T  T T G T P G A G C A  G G C T C T C C T C  A T G A A C T C C C  AGAGATGTGC C T G C C T C T G C  C T C C T G A G T T  TTGGGGCTAA 

A G G C A T G C A C  C A G C C T G C C A  G G C A T A A G T T  T T A T T T T T T T  C A T C C C T T A C  A T G T T T C C A T  T G C A T G C C C T  T C T A G C A T G T  T C T T T C T T T C  T A C T C A A T G C  

C T C A C C A T T A  A T G T T G A T T C  A G C T T A T G C T  A C G C C T C A C T  C T C A P G C C P A  T G T C A C A G G A  T C T T T G C A A A  A C T A A A C A G C  C C T A T G A C C T  A G A C T A G A A A  

T T C T A A T G T G  G T T C C C A A C T  C A T A C T T A A T  A A C C T T C C A A  AGGAACCGAG C T G C G T C C C A  A A T A C T G G T A  C C T C A T C A T T  T T A C A C A A T C  A C C T G T A G T T  

G C A C A G G T T A  C A C T T G G C C T  C C T A G T A A A C  C G C A G A G A T A  G A T G C A T G C T  T C T A G A T G A G  G T T T C T G T T C  T A A C A P A G A A  G A T T C A T G C A  C A G T G A C T T G  

T A G C A G A G G A  G T T T T T G A G C  T T G C C C A G T T  T C C A C A G T C C  C C C T T T T A T A  C A C A A G A C A C  A G A A A A G T A G  A T A C T T G A A T  GATCAGAGCC A G G A G A A C T T  

A A A A T C T C C A  A C C T G G A C C A  C T C T A G T G A C  T C T C A A A T A A  GAAAGGAGAG A A A C G G A G A T  GCCACATCCC AGAGCGTGCT A C T A G A T T C T  A A G T G A G T A G  

A A G A G A G T G A  G G T G G T A A A T  G T C A C A C A A T  C A T A G C A G A G  T C A T G C A C G G  A G A A G G C T T A  C T G G T C A T T A  A A T T G A G A A A  G T C T G C T C T A  A T T C A G A C T A  

A G C A A A A T C T  G T G T C C T T G A  T C C T T T A C C A  A C A C T G T C C A  C A G A T C C C C T  G G C A C A T T T C  G T G C A A C T G G  T G T A A T T T A T  T T G A G T T G T G  CTCAGGCCAG 

C A C T G A A C A C  A G T G A C A T T C  A C A G A G A A C A  A A T A T T C T A T  T T T G C T A T T T  G A A C A C C T T G  G G C A G A G T T C  T G T T T A C A G A  G A G G A C T C A T  W G C C G  
k 

C T G T G G A T T G  G A G Q A C T C T G  G A A G C A G T G T  T A A G G A A G A G  G A C A G C A T A A  G C C C T G T C C T  C T T G T C T T A C  T G T C G T C C T G  T C C T C C T G T C  C T T C C A T C A T  

G A A G A A G G A C  AGAGAGGCTC A G C T G T G C C T  T T T T T C A G C T  C T T C T T G C C T  T C C T G C C T T T  T G C T T C C T T G  C T C A A T G G A A  A C T C G T G A G T  ACCACCAAGA 
Ex 1 

C C C T C T T C C A  C A T C A T C C C T  C C T C C A A T C G  G A A A C T A T C C  A T T T C C A T T C  A C A G T T C C T T  T C C C T G A A A A  A C T C A C A A A A  T T C T T T T T A C  T T T T T A A T T A  

A C A A T T A T G T  G T G T G T A T A T  G T A T A T A T G A  T T G C A A T T A T  A C A C A T A C A A  T T C T T A C C T G  A T T C T A G G T G  A T C T T T T T T C  C A A T T C T P A A  GCAACCAGTG 

T T A C T A A A C T  G T G T G G T A T G  A T T T A G A A T A  G T A T T C C T C T  T A T T A C T G A A  C A A G G A G T G T  C T C A A A T C C C  A A T C A T C A G A  G A A T T C T C A G  Q T G T T G A A A C  

T A T T T A A G C A  C T T T G T A A A T  A A G C A T T T T A  A T G G G T T G G A  A A T G T G T A G C  C T A T G G T T C A  A C C A T G A G A C  G G A T G A G A T G  T C T G G C A C A T  CAGAACCCTG 

T G G A T G T T T G  T G T C C T A A A A  C A A T A C T C T T  G T T A C G A T C A  A A G A C T T T G G  A T T A A A C T A C  C A A T A G A A C T  T T T T A T T T G A  T G G T C A A A A T  A A C C A T A T A A  

T T A G G A T T A T  A T T G T T G A G T  G A T T T T A T T T  G T A T C T G T G A  C C A G A A A A A T  A T A T T T A A G G  T G G T A A A A T T  A A A P A G C A A A  C T A O T G G T A T  T T T T G C A T A G  

T G T G A T A T A G  C A A T G A C T G G  C T A G A T T T G G  AGGGCAAACA T C C C T A A T T A  T A G G A A A A G A  T A A A G A A T G A  T T C C C A C A G A  CAGACTTCGG C A C T T G C T C A  

A G T G T A A C A T  A G G T A A A T T A  T G C A A G T T T G  A A T T T C A C A G  T C A G G T C A T A  A A C C T T T A T T  T G A A A A G T A C  C C C A A A A T A A  A A A A T A G G G T  A T T G A G T T A T  

T T T T A A G G A T  T A A A A T G G T A  G T G A A A A A C A  A T C A T G A T A A  A T T T C T A T G A  A A A G A A C A A T  T A T T C C T C C T  G G A T T T T C A T  T T A A A A A A T A  A A C C T T T C T A  

G A A C G T G C A T  G C T G G T T G C T  T A G T G A C A G G  AGTGCACGCC A T T C A A A C C T  GCCCTGGCAG G T A T C A C T G C  TGAAGGTGGT GATTGACGAG C T A A T A A T T G  

T C T T G C C A C T  C T G C T G T G T G  A C A A A C T G T G  A C A C T G C C A C  A C T G T C A A C C  T G A C A T C T C A  G A C T G T T G A A  A C A T G G A T G G  T A A T G G T G A C  T G T G A T G A A A  

C T C C A G T T A T  A G A C A A T G A C  A T C T G T C G T C  AGCTGTCCGG A A C C C C T T C C  T T T C C A G G A A  G T A T A T G G T G  CTGGTCCCGT C C C A G C T C T A  CACCGAGhCC 

C C T G A G A A A A  T C T G C C T G C A  T C T A T A C C A T  C T G A A T G A G A  C A G T G A C T G T  G A C A G C T T C C  T T G A T A T C T C  AAAGGGOAAC G A G A A A A C T G  T T C G A T G A G C  E x 2  
T T G T G G T T G A  C A A G G A C T T G  T T C C A C T G T G  T T T C C T T C b C  T G T G A G T A C T  A A G T A T C C G T  C C T G A T T T G T  T T A C A T A C T T  A T G C A C A T G C  G T G T G A G T A T  

G T A C A T A C A A  T A C C C A T A C A  T G T T T C C A A A  A A A T G T T A T T  C T A G A A A C A T  A T C T G T G A T C  T C A A A A C A A T  A G G A T T T T A G  A h C A T T T A C C  C A A T A A A C A A  

A T A G A A T A C A  T C A T T C C t t C C  A C A A A A T G A G  A A G T C A A A A C  T T G T C C C A T T  G A A T T C C C T C  A A A A A G C C C A  CAGACCAGAG AAAGAAAGGG T T C T C C A G T T  

C A T A G C A C T T  C C T G C T A A T A  A G T T A A T A A P  C T T T C A A A C A  G C A C T C C A G A  T P A T T A G G T T  C A C A G C T C C T  A T G C A T A A T C  C T G A G A T C C T  G A A T A A G T G A  

T G G G T T T C T T  C T T T G G G A C C  T A T C C T C A A G  A C A T A A T T C T  T A C C A C C A T T  A A T A C A T T A T  C T T A T T C T C T  A C C T C A G T T T  G A G A G T T A G A  G C T A A G T T T C  

T T T T G T G T C T  T A G A G G T A A T  T T T C A A T G A A  G A T T A T A T T T  A C T C T G T A A A  G A T G A C T G T G  T T T T T G T T G T  T C A C A T A A A C  T C C C A C T G A C  A T A C A G A A A A  

T G A T T T T T C T  T T T C A T C C C T  T T C T T T T C C T  G G C A A T T T T T  C C C T C C A T G T  A A T A C T T A A A  C A G A A A C T G A  TGGTGCCTCC A C C T C C A T C A  GAGAAAAGGT 

T A A T G I G G T A  C T G T A A G A A A  GGCAGAGGGA G A T G G T G A A G  G G T C T G T G T T  C C T G T C G T T C  T C A G A T C C C T  A G A T T G C C C T  C T T C T G A A G A  GGAGGAGTCA 

C T C G A C A T C A  A C A T T G A A G G  G G C A A A G C A T  A A A T T C A G C G  A A A G G C G T G T  G G T G C T T G T G  A A G A A C A A A G  A A A G T G T T G T  C T T T G T C C A G  A C T G A T A A G C  E x 3  
C C A T G T A C A A  GCCAGGACAG T C A G G T A T G A  A G C T C C A C G G  TGGGCAAAGG A A T T A A T A C A  C C A C C C T A A A  C A T G G T G T G A  AUAAGGCCTG G G T C T T T G G A  

A C T C A C T A G A  A A A T T C T C T T  T T T C C A G T T A  A A T T T C G G G T  T G T C T C T A T G  G A T A A A A A T C  T A C A C C C C C T  G A A T G A G T T G  G T G A G T T T T T  T A C C T A T G G G  

T A T l G G T G G G  T T C l T C A A G A  C A A A A T G T C A  C A G C A A C A T T  C T A A T T T C C A  G C T C C T T C T G  AGACGTGOGT T A G C C C T T T T  T T C T P T T C T G  T T C C T T T G C C  

A C T T T A T A G C  C T C A G C T C T T  C T A C C A T T G G  C C A T C C T A T G  G C T T C C T T A T  A T G T G A C T G T  C C T T A T T T G G  A C T C C A T T T G  P C T G G A T A A G  T A T C T C T G G A  

T T G T C T T C A T  A C T C T G T G G A  G C C T T A T A C T  G T A T A G A A C C  T T T T A G G T T T  T T C A G T C A T T  T C T T T T C T A G  A T T C T G T T A C  C A T C C C T C A G  A A A T C T A T T C  

C T A G T G T G A C  A G G G P T A T T T  T T C A C A C a G T  C T C T A T T A T T  T T A T A A C C T C  A l A T r T A A C A  C T T G G G T T C T  T C C C T A G A T G  A A T T  
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4001 

B 
C T A G A T G T C C  T G G A C T G G C T  T T G T A G A C C A  G G C T C T C C T C  T G G A A C T C A T  A T A G A T A T T C  

C A G C C T G C C A  G G C C C A A C T T  T T T T C A T C C C  T T A C A T G C T T  C C A T T A C A T T  C C C T T C T A G C  

A T T C A G C T T A  T G C T A T G C C T  C C C T C T C A A G  C C A G T G T C A T  G A G A T C T T T G  C A A A A A T A A A  

A A C T C C T A C C  T T A A T A A C C T  T C C A A A G G A A  C C A A G C T T C G  T C A G A A A T A C  T G A A A C T T C A  

G G C C T C C T A C  T A A A C C G C A G  A G A T A G A A G A  T C A G G T T T G T  T G A C T T C T G T  T C T A A C A A A G  

T G C C C A G T A T  C C A C A G T C C C  C T T T T T h T A C  A C A G G A C C C A  G A A A A G T A G A  T A C T T G A A T G  

C T G T A G T G A C  T C T C A A A T G A  G A A A G G A C A G  A A A T G G A G A T  G A C A C A T C C C  A G A G C G T G C T  

G T C A C A C A A T  C A T A G C A G A G  C C A C C C A T G G  A G A A G A C T T A  C T G G T C A T T A  A G A A G A G A A A  

C C C T T T A C C A  A C A C T G T C C A  C A G A T T C C C T  G G C A C C T T T C  C T G C G A C T G T  T G T A A T T T A T  

A C A G A G A A C A  A A C A T T C T G T  T T T G C T A T T T  G A A C A C C T T G  G G C A G A G T G T  T C T G T T T A G A  

C T G C T T C T G C  C T C C T G A G T T  T T G G G G C T A A  A G G C G T G C A C  

A T G T T C T T T C  T T T C T A C T C A  G T G T C T C A A C  A T T A A A G T T G  

C A G C C C T G T G  A C C T A G A C T G  G A T A T T C T A A  T G T G G A T T C C  

A C A A T T G A C A  C A A T C A C C T G  T A G T T G C A C A  G G T T A T A C T T  

A T T T A G G A A C  A G T G A C T T G T  A A C A G G G G A G  T T T T T G A G C T  

A C C A G A G C C A  G T A G A A C T T A  A A T C T C T C C A  P C C T G G A C C A  

A C T A G A T T C T  A A G T G A G T A G  A A G A G A G T G A  G G T G G C A A A T  

G T C T G C T C T A  A T T C A G A C T A  A G C A A A T T C T  G T G G C C T T G A  

T T G A G T T G T G  C T C T G G C C A C  C A C T G A A C A C  A G T G A C A T T C  

G A G A G G A C T T  A T A A A T A A G C  C A C T G T G G A T  T G G A G W  
1 

T G G A A A C G G T  G T T A A G G A A G  A G G A T A G C A T  A A G C C C T G T C  C G C T T G T C T T  C C T G T T G T C C  T A T C C T C C T G  T C C T T C C A C G  A T G T G G A A G A  A C A G A G A G G C  Ex1 
T C A C C T G T G C  C T T T T T T C A G  T T C T T C T T G C  C C T C C T G C C T  T C T G C T T C C T  T G T T C A A T G G  A A A C T C G T G A  G T A C C A C C A A  G G C C C T C T T C  C A C A T C A T C C  

C T C C T C T A A T  C A A G A A C T A T  C C A T T T C C A T  T C A C A G T C C C  T T C C C C T A A A  A A C C T C C T G A  A A T T C T T T T T  G C T T T T T A A T  T A A C A A T T A T  A T A T A T T T T A  

T C A T T A C A T G  A T T C T A G G T G  A T C T T T T T T C  C A A C T G T A A A  G C A A C C A C T G  T T A C T A A A C T  G A G G T G T G C T  G T C A T T T A G A  A T A G T A T T C C  T C T T A T T A C T  

G A A C T G T T A G  T A T C T C A A A T  C C T A A T C G T C  A G T G A C A T T C  T C A G G G G T T G  A A A C T A T T T A  A G C A C T T T G A  A A A T A A G C A T  T T A A A T G G G T  G G T A T C C T T G  

G T T G G A A A T G  T G T A G C C T A T  G G T T T A A C C T  T G A G A T A G A T  T T A C C T G A C T  G G C A C A T C A G  A A C C C T G T G G  A T G T T T G T G T  C C T A A A A C A A  T A C T C T T G T T  

A G G A T C A A A G  A C T T T G G A T T  A A A C T A C C A G  T A G A A C T T C T  T A T T T G A T G G  C C A A A A T A A C  C A T A T A A T T A  G G A T T A T A T T  G C T G A G T G A C  T T A T T T G A T C  

A G A A A A A T A A  A T T T A A G G T G  G T A A A A A T A A  A A A G C A A G C T  A G T G A T A T T T  T T T G T A T A C T  G T G A T A T A G C  A A T G A C T G G C  T A G G T T T T G G  G G G G C A A A A A  

T C T C T A A T T A  T A G G A A A A G G  T A G A G A A T G A  T T C C T A A A G A  T A G C C T T T G Q  C A C T T G C T C A  A G T G T A A C A T  A G G T G A A T T A  T A C A A G T T T G  A A T T T C A C A G  

T C A C A T T A T A  A A T C A T C A G T  T A A A A A G T A C  T C C A A A A T A A  A A A C C G G G T A  T T G A G T T A T T  T T T A T G G A C T  A A A A A T G T T A  A T G A A A A A A T  C A T G A T A A A T  

T T C T A T G A A A  A T A A C A A T T A  T T C C T C C C G G  A T T T C C A T T T  A A A A A A A T A G  A A A C T T T C T A  G A A C T T G C A T  G C T G G T T G C T  T A G T G A A G G G  A G T A C A C G C C  

A T T C A A A C C T  G C C C T G G C A G  G T T A A T C A C T  G C T G C A G C C G  A T G A T T G A C A  A G C T A A T A G T  T G T C T T T C C A  C T C T G C T G T G  T G G C A A A C T G  T G A C A C T G C C  

A C A C T G T C A A  C C T G A C A T C T  C A G A C T G T T G  A A A C A T G A A T  G G T A A T G G T G  A C T G T G A T G A  A A C T C C A G T T  A T A G A C A A T G  A C A T C T G T C G  T C A G C T G T G C  

G G A A C C C C T T  C C T T T C C A G G  A A G T A T A T G G  T G C T G G T C C C  G T C C C A Q C T C  T A C A C C G A C A  C C C C T G A G A A  A A T C T G C C T G  C A T C T A T A C C  A T C T G A A T G A  

G A C A G T G A C T  G T Q A C A G C T T  C C T T Q A T A T C  T C A A A G G G G A  A C G A G A A A A C  T G T T C G A T G A  G C T T G T G G T T  G A C A A G G A C T  T G T T C C A C T G  T C T T T C C T T C  Ex2 
- A C T G T G A G T A  C T A A G T A C C C  G T C C T G A T T T  G T T T A C A T A C  T T A T G C A C A T  G C G T G T G A G T  A T G T A C A T A C  A A T A C C C A T A  C A T G T T T C C A  A A A A A A G G T T  

A A T C T A A A A A  T A T A T C T G T G  A A C T C A A A A C  A A T A G G A A T T  T A G A G C A T T T  A T C C A A A A A A  C A A A T A G A A T  A C A T C A T C T C  A C C C C G A A C T  G A G A A G G T T C  

A A T A C T T G T C  C C A T T C A A T T  C C C T C A A A A A  A G C C C A C A T C  C C A G A G A A A G  A A A G G G T T C T  C C A G T T C A T A  G C A C T T C C T G  G T G C T G A G T T  A G T A A A C T T T  

C A A A C A G C A C  T G A T A A A A T T  A G G A C C A C A G  C T C C T A T G C A  T A A T C C T G A G  A T C C T G A A T A  AGGGCTGGGT T T C T T C T T C A  G G A C C T C T C T  T C A A G A C A T A  

A T T C C T A T C A  C C A T T A A A A C  A T T A C C A T T C  T C T C T A C C T C  A G T T T G A G A G  T T A G A G C T A A  G J T T C T C T C A  T G T C T T A G A G  T T A A T T T T C A  A T G A A G A T T A  

T A T T T A C T C T  G T A A A G A T G A  C T G T G T T T T T  G T T G T T C A C A  T A A A C T C C C A  C T G A C A T A C A  G A A A A T G C T T  T T T C T T T T C A  T C C C T T T C T T  T T C C T G A C A A  

T T T T T C C C T C  C A T G T A A T A C  T T A A A G A G A A  A C T G A T G G A G  C C T C C A C C T C  T T T C C T G G G A  G G T G G A A G G A  G A A A A G G T T A  A T G A G G T A A T  G T A A G A A A G G  

CAGAGGGAGA T G G T G A A G G G  T C T G T G T T C C  T G T C G T T C T C  A G A T C C C T A G  A T T G C C C T C T  T C T G A A G A G G  A G G A G T C A C T  C G A C A T C A A C  A T A G A A G G G G  

C A A A G C A T A A  A T T C A G C A A A  A G G C G T G T G G  T G C T T G T G A A  G A A C A A A G A A  A G T G T T G T C T  T T G T C C A G A C  T G A T A A G C C C  G T G T A C A A G C  C A G G A C A G T C  Ex3 
- A G G T A T G A A G  C T C C A C G G T G  G G C A A A G G A A  T T A A T A C A C C  A A C C T A A A C A  T G G T G T O A A G  AAGGCCTGGG T C T G T G G A C C  T C A C T A G A A A  A T T C T T T C A C  

T T T T T C C A G T  T A A A T T T C G G  A T T G T C T C T A  T G G A T A A A A A  T C T A C A C C C C  C T G A A T G A G T  T G G T G A G T T T  T T T A C A C G T G  G G T A T T G G T T  G G T T C T T C A A  

G A C A A A A T G T  C A G A G C A A T A  T T C T A A T T T C  C A G T T C C T T C  T G G G A C A T G A  G T T A G C C T T T  T T T T T C T A T T  C T G T T C T T T T  G C C T A T T T A T  A C C C C T T A C T  

C T T T T A C C T T  T G G C T T C C T T  A T A T G T G A C T  G T T C T T C T T T  G G A C T C C A T T  A C T G G A T A A G  T A T C T C T G G G  T T T T C T T C A T  A C T C T G T G G A  G A C T T A T A C T  

G T A T A G A A C C  T T T T A G G T T T  T T C A G T C A T T  T C T T T T G C A G  A T T C T G T T A C  T T T G T G C C A T  C C C T C A G A A A  T C C A T T C C T A  G T G T A A T A G G  G A T A T T T C C C  

A C A C A G T C T C  C A T T A T T T T T  A T A A C C T C G T  A T T T A A C A C T  T T G G G T C T T C  C C T A G A T G G A  C T C T T C T A A G  A A T A A A A T T G  C A T T T C A G T C  T C T T G T G C T C  

T G T G C T T A G G  C A A G T T G T G T  G T A T C T G T G T  T A A A T A C T C T  C T C C T A T G A A  T A G A A G G G T C  T C T G A T G A G G  G A T G A G G G A T  G C T T T A A T C T  AG 

FIGURE 3: DNA sequence of the 5’4erminal regions of the aI13 and a114 genes. (A) Sequence of the 5’-terminal region of the a113 gene. 
Exons 1, 2, and 3 are underlined and designated by Exl,  Ex2, and Ex3 on the right. The TATAM box (see Figure 6 )  is underlined, and the 
transcription start site is indicated by an arrow. The signal peptide oligonucleotide sequence used as a hybridization probe (Figure 1B) and 
as a primer (Figure 6 )  is underlined in exon 1. (B) Sequence of the 5’-terminal region of the al14 gene. Exons 1, 2, and 3 are labeled as 
in panel A and underlined. The sequence qualifying as a TATA box is underlined; however, the transcription start site is not defined, because 
this gene is not expressed in liver (see the text). The end of exon 1 is defined only by analogy with exon 1 of the aI13 gene. 

approximately 2-3-fold reduced concentrations in acute-phase 
livers, 18 h after experimental induction of an inflammatory 
response (Figure 5 ,  track 6 ) .  No mRNA species derived from 
the al14 gene were detected in normal liver (Figure 5 ,  tracks 
2 and 5 ) .  The M13 subclones of the al14 gene have been 
verified by DNA sequence analysis and were confirmed to 
carry the appropriate inserts. Therefore, we conclude that the 
a114 gene is not transcribed in liver to an extent detectable 

within the sensitivity range of this technique. 
Primer extension experiments were performed using a 30- 

nucleotide synthetic oligonucleotide primer from the signal 
peptide coding sequence of the prototype a113 gene (Figure 
6). Extension was carried out either in the absence (Figure 
6, track 1) or in the presence of dideoxynucleotide tri- 
phosphates (Figure 6, tracks 2-5). The first reaction produced 
full-length cDNA transcripts of the region between the primer 
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muRe 4 Schematic comparison of the 5'-terminal regions of the 
a113 and a114 genes; restriction map. The inserts of the two group 
I clones kRAl13G-3 and -8, representing the 5'-terminal region a113 
gene, and that of group 111 clone XRAl13G-21, representing the 
5'-tenninal region of the q14 gene, are giw on top and at the bottom. 
The box= represent the entire insert carried in these clones; the length 
in kilobase pairs is indicated below the box. E cleavage sites for 
the restriction enzyme EcoRI. The opcn part of the boxes represents 
5'-flanking sequences and the closed part the transcribed portion of 
the a113 gene and the analogous portion of the a114 gene. The hlownup 
portion in the middle is a restriction map for the sequenced regions 
(Figure 3A,B). The black boxes represent the exons; the connecting 
line represents the introns and the 5'-flanking sequence. The sizes 
of the exons and introns are indicated below (in khp). The 5'- boundary 
of exon 1 of the al14 gene is defined only by analogy with the a113 
gene. E l .  &/I; B2, @/IC X, Xbot K, KpnI; P2, PuuII: P, PsfI; H, 
HindIII: H2. Hpull; N. NcoI. 

and the 5' end of the message. From the length of these 
products, the position of the cap site was deduced. The second 
reaction produced sequence information of the RNA region 
located between the primer and the cap site. This sequence 
was identical with the genomic DNA sequence of clone 
XRAlI3G-3, providing additional support for the correct lo- 
cation of the cap site in the gene. The cap site as mapped by 
this technique (designated M in Figure 6) was located within 
*4 nucleotides of the position determined by S1 mapping. 
Therefore, we conclude that position M on the genomic se- 
quence (Figure 6) corresponds to the cap site of the a J 3  
mRNA and thus to the transcription start site of the gene. 
Among the primer extension products, an abundant group of 
transcripts 39 nucleotides shorter than the major product was 
detected (Figure 6). These could reflect either strong stops, 
due to pausing of the polymerase (caused, for example, by a 
strong secondary structure of the RNA), or transcripts ori- 
ginating from a second, minor start site, designated m in Figure 
6. The S1 mapping experiment (Figure 5) did not reveal 
transcripts originating from a minor start site, and therefore, 
these fragments are probably not due to the utilization of a 
minor start site. A TATA box motif AAATAA, designated 
TATA, in Figure 6, is present 17 nucleotides 5' of the cap 
site in the a J 3  gene. 

Transcription of the a113 Gene Is Decreased during Acute 
Inflommation. Hepatic a113 mRNA concentrations are re- 
duced 3-10-fold below normal levels during an acutephase 
response (Aiello et al., 1988; Braciak et al., 1988; Lamri et 
al., 1988). To determine whether this effect is due to reduced 
transcription rates, nuclear run-on experiments were performed 
(Figure 7A). An acute-phase response was experimentally 
induced by intraperitoneal injection of complete Freund's 
adjuvant (CFA) into a series of adult rats. At various times 
after injection, livers were excised, nuclei were prepared, and 
transcription rates of the aJ3, a2M, and rat serum albumin 
(RSA) genes were measured (Figure 7A and Experimental 
Procedures). The transcription rate of the a J 3  gene was 

. 
-i 
-0 
. -  
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-Exon 1 11691 

S 1 2 3  4 5 6  S 
m U R e  5: Mapping of the transcription start site of the u113 gene 
by SI analysis. Internally labeled singlestranded phage D N A  wr- 
responding to the d i n g  strands in the S-end region of the a114 gene 
(tracks 2 and 5) and the a113 gene, respectively (tracks 3 and 6), was 
annealed with rat liver m R N A  from normal rats (tracks 1-3) and 
18 h after experimental induction of an inflammatory response (tracks 
4-6). In tracks I and 3, single-stranded phage DNAs representing 
the nonwding strands of the q14 and a113 genes were used respectively 
as negative controls. The hybrids were treated with SI nuclease, and 
SI-resistant fragments were electrophoretically separated in a 6% 
polyacrylamide6 M urea gel. The two tracks lakled S on the right 
and left are a sequencing ladder of an unrelated, known D N A  
fragment, serving as a size marker. The arrow points to the top band 
of the multiplet in track 3. which defines the size of exon I of the 
a113 gene (169 nucleotides). 

surprisingly high in normal rats and was decreased with a 
minimum reached at  6-9 h after inflammation. It recovered 
slowly from 12 h on. At 24 h, it had returned to about o n e  
third of the normal rate. This experiment was performed 3 
times, and the factor of reduction at  6 h ranged from IO-fold 
to 19-fold with an average of 12.7-fold. At the same time, 
the transcription rates of the RSA gene were transiently re 
duced between 2- and 3-fold, as previously described (Figure 
7A; Gehring et al., 1987; Schreiber, 1987). The a2M rates 
were increased on average 5.3-fold, with a maximum of 8-fold 
at  12 h. We conclude that the reduced q I 3  mRNA levels 
observed during an acute-phase response are due to a pro- 
nounced transient decrease of the transcription rate of the a113 
gene. 

Nuclear q I 3  RNA precursor levels were measured during 
the time course of the acute inflammatory response (Figure 
7B). Nuclei from the same preparations were used as those 
employed in the nuclear run-on experiments of Figure 7A. 
Nuclear RNA was prepared, deposited on a nylon membrane, 
and quantitated by hybridization with an al13 gene intron 1 
specific probe. This experiment revealed a very rapid demeasc 
in nuclear a113 precursor RNAs, as early as 2 h after injection 
(Figure 7B). The precursor RNA levels were lowest a t  6 h 
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ACTCAT A A m G C C G  CTGTGGATTG GAGGACTCiG GAAGCAGTGT TAAGGAAGAG G A C A G C W  GCCCTGTCCT h G T C T T A C  TGTCG r TATA, 

I"++: nl 

TATAM 

M 
FIGURE 6 Mapping of the transcription start site of the 4 3  gene by primer extension/RNA sequencing. Sizbenriched, polyadenylated mRNA 
was annealed with the signal peptide oligonuclwtide primer (Figure 3A). Primer extension was carried out with reverse transcriptase as d&kd 
under Experimental Procedures, either in the absence (track I )  or in the presence ofdidwxynuclwtide triphosphates (tracks 2-5). The main 
band in track I represents transcripts extending to the T residue indicated in the genomic sequence (bottom). Four additional weaker bands 
of larger size were present on the autoradiograph, which were indicated by (+) symbols in the sequence. The transcription start site was therefore 
placed at the G residue, labeled by the armw and marked M. A group of intense transcripts 39 nucleotides shorter than the full-length transcripts 
is visible in all five tracks. The strongest of these bands corresponds to the C residue indicated by two open circles in the sequence. A potential 
minor transcriptional start site may be located at the C residue marked by the arrow and labeled m. Tracks 2-5 mntained respectively ddATP. 
ddGTP, ddCTP, and ddTTP. 

0 2 0 6  9 12 18 24 

Time after Injection lhrsl 
FIGURE 7: Transcription rates and nuclear RNA levels of the A113 gene during acute inflammation. Acute inflammation was provoked in 
adult male rats by intraperitoneal injection of complete Freund's adjuvant (CFA) as described (Gebring et al., 1987). Nuclei were prepared 
from livers excised at various times after injection, and transcription rates were measured by published procedures (Northemann et al., 1985). 
(A) (5C-100) X 106 cpm (Cerenkov aunts) of in vitro elongated RNA was used as input in each hybridization reaction. The transcription 
rates are expressed, in parts per million, as the fraction of the input material that hybridized to cDNA probes immobilized on filters. A113 
(O), all% RSA (0). rat serum albumin; (A), a2M, (B) Nuclear RNA prepared from purified nuclei isolated at various times after inflammation 
was deposited on nylon membrane as detailed under Experimental Procedures. The filter was hybridized with a nick-translated DNA probe 
of 850 bv. revresentinu intron 1 of the a-I3 nene. Precursor RNA levels are exoressed as wunts oer minute hvbridized. Ouantitation was 
performid b j  excision-of the dots after autoradiography and quantitative liquid icintillation countkg in a commercial scintkation gktai i ,  
using a Beckman Model LS8000 i3 wunter. 

with an average 1Cfold reduction. This experiment supports 
the conclusion of rapidly reduced transcription rates of the al13 
gene during an acute-phase response. 

Glucocorticoids Alone Are Suffin'ent To Cause Decreased 
aJ3 Trumcription in Ruts. A number of other rat genes are 
controlled during the acutephase response by two categories 
of signal substances, glucocorticoids and monokines of the 
hepatocyte stimulating factor type [HSF: for reviews, see 
Gordon and Koj (1985). Schreiber (1987). and Fey and Fuller 
(1987)l. Glucocorticoids alone or unable to produce a major 
tramription change of some of these genes, including the a2M 
gene, and achieve a maximal effect on these genes only in 
combination with other inflammatory mediators (Northemann 

et al., 1988a). In contrast, glummrticoids alone are sufficient 
to cause strong transcriptional changes of a second group of 
genes, including the a,-acid glycoprotein gene ( a l A G P  
Kulkarni et al., 1985; Baumann & Maquat, 1986; Klein et 
al., 1987). Therefore, we wanted to determine whether glu- 
cmrticoids alone are able to affect the transcription of the 
aJ3  gene in rats and to compare the magnitude of this effect 
with the changes occuring during an acute inflammatory r e  
sponse. A high dose of the synthetic glucocorticoid dexa- 
methasone was injected into rats, and the transcription rates 
of the q13 gene were measured by nuclear run-on experiments 
a t  several times after injection (Figure 8A). The experiment 
was performed twice with very similar results, and the tran- 
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Time after Injection lhrsl 
FIGURE 8: Transcription rates and nuclear R N A  levels of the uI13 gene after injection of glucocorticoids into rats. Dexamethasone (Hcxadrol. 
a 4 mg/mL solution of dexamethasone sodium phosphate) was injected intraperitoneally into rats at a concentration of 4 mg/kg body weight. 
Le., 0.25 mL into 250-8 adult male rats. At various times after injection, livers were excised, and nuclei were prepared. Transcription rates 
were measured by nuclear run-on experiments. and nuclear precursor R N A  levels were measured by dot blot hybridization as described for 
Figure 1 and under Experimental Procedures. (A) AI13 (O), q 1 3 ;  RSA (0). rat serum albumin. The two curves represent two independent 
experiments. (B) A113 (0). a113; AGP (A), mI-acid glycoprotein. The insert shows the autoradiographic evaluation of the dot blots: the curves 
show the quantitation of the same dots by liquid scintillation counting. 

scription rate was reduced on average 9.1-fold 4 h after in- 
jection. RSA gene transcription was reduced by about 20%. 

Nuclear al13 precursor RNA levels were measured with 
nuclei from the same time points as in Figure 8A and were 
quantitated by hybridization with a113 and a lAGP gene- 
specific intron probes (Figure 8B). The al13 nuclear precursor 
RNA concentration was decreased 6.2-fold at  6 h, while at  
the same time the alAGP precursor concentration was in- 
creased 39.5-fold. 

From these two experiments together, we conclude that high 
doses of glucocorticoids (dexamethasone) alone are sufficient 
to reduce transcription of the al13 gene in rats to approxi- 
mately half the extent which occurs in a fully developed 
acute-phase response. 

DISCUSSION 
The identity of the isolated genomic DNA clones was 

confirmed by the perfect match between the sequence of the 
first three exons of group I clones with the published prototype 
al13 DNA sequence (Braciak et al., 1988). The existence of 
an a J 3  gene family was established by the genomic Southern 
blot result and the isolation of five groups of related but 
structurally distinct a113 genomic clones. It is difficult to 
evaluate the precise extent of this gene family, because we may 
not yet have isolated clones representing all members of this 
family, and becaw some of the bands on a Southern blot may 
represent multiple genes. From the available data, we conclude 
that this family likely contains four or more members. It is 
difficult to discriminate between different gene loci and alleles 
at  one locus. Although inbred rats were used to prepare the 
DNA for the Southern blots and the genomic DNA libraries, 
we cannot be certain that these rats were homozygous at  all 
loci. However, from the results presented here, it is possible 
to conclude that the rat genome counts at  least two, and 

possibly more, a l 1 3  gene loci. In contrast, a,M and the related 
complement C3 gene are singlecopy genes in humans and rats 
(Whitehead et al., 1982; Davies et al., 1983; Kan et al., 1985) 
while complement C4, a member of the same gene family, 
forms a small subfamily with two or three loci in the murine 
and human genomes (Carroll et al., 1984). Within the sen- 
sitivity limits of the techniques employed in this study, we have 
not detected any transcripts of the a,I4 gene in rat livers, 
compatible with the interpretation that the q I 4  gene could 
be a nontranscribed pseudogene. However, we have not ex- 
cluded the possibility that it could be transcribed in nonhepatic 
cell types. The a J4  gene will provide a useful negative control 
for further studies of the control elements of liver-specific 
expression of the a113 gene. The 5'-flanking region of the a J4  
gene is over 90% conserved in the a J 3  gene for the first 1 kbp, 
and yet this gene is not expressed in liver. Consequently, the 
sequence differences between the a l 1 3  and a114 genes should 
provide helpful indications to locate sequences essential for 
the hepatic expression of the al13 gene. 

The a2M protein has an approximate molecular weight of 
180000, and the a,M gene is 48 kbp in length (Northemann 
et al., 1988). The al13 protein is of comparable size as a 2 M .  
and both genes have evolved from a common ancestor. 
Therefore, the a l 1 3  gene is likely to be of similar size and 
organization as the a2M gene. Our interest is focused on the 
regulatory regions of the al13 gene. Although regulatory 
elements may be located both in the 5' and in the 3' portions 
of the gene and even internally, we have concentrated here on 
the 5' part first, because it will permit us to compare the 
5'-terminal control elements of this gene with those of many 
others. 

As the relative half-life of intron-containing nuclear RNA 
transcripts is short (Nevins & Darnell, 1986; Granner et al., 
1983), we reasoned that measurement of their levels should 
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FIGURE 9: Conserved glucocorticoid receptor binding elements and glucocorticoid mediator elements in the 5’ control region of the al13 gene. 
Sequence alignments were performed with the Bestfit algorithm (Devereux et al., 1984). (a) The a2,-globulin sequence was from Addison 
and Kurtz (1986). (b) The q F P  sequence was from Belanger et al. (1987). (c) The al13 gene sequence was from Figure 3A. (d) The alAGP 
sequence was from Baumann and Maquat (1987) and Reinke and Feigelson (1985). The consensus GRE sequence was from Jantzen et al. 
(1987). Negative numbers preceding the sequence lines indicate the nucleotide positions of the first listed character in the original sequence. 
For the a113 gene, nucleotide -210 corresponds to nucleotide 2004 in Figure 3A. The two boxed sequences in the left part of the figure include 
the conserved GRE site of the al13 and alFP genes. The hexanucleotide core GRE is underlined. The box in the right part represents the 
inverted GRE element, abbreviated GME. The underlined consensus hexanucleotide sequence GG$AiA includes the GGAACA sequence 
found by Addison and Kurtz (1986) and Klein et al. (1987) to be functionally relevant in the a,,-globulin and alAGP genes. Dashes in the 
a113 sequence: a gap introduced to optimize the alignment with the alFP gene. 
reflect changes in transcription rates more closely than the 
titration of cytoplasmic mRNA levels. Indeed, the kinetics 
of the intranuclear al13 precursor RNA levels during the 
inflammatory response followed the kinetics of the transcrip- 
tion rates, as independently measured, very closely (Figure 7B). 
This result supports the transcription rate measurements re- 
ported above. The maximal decrease in nuclear precursor 
RNA concentration (16-fold) was comparable to the reduction 
of the transcription rate (1 2.7-fold). Unexpectedly, the pre- 
cursor RNA level was reduced more rapidly than the tran- 
scription rate (Figure 7), suggesting an element of posttran- 
scriptional control may be operative in the overall regulation 
of al13 gene expression. However, we conclude that the 
regulation of the al13 gene during an acute-phase response 
occurs primarily through a rapid and transient reduction of 
its transcription. 

Many genes are jointly regulated during an acute-phase 
response by glucocorticoids and by other inflammatory me- 
diators including the monokines interleukin 1 (IL-l), tumor 
necrosis factor (TNF), and hepatocyte stimulating factor/ 
interleukin 6 [HSF/IL6; for reviews, see Gordon and Koj 
(1985), Schreiber (1987), Fey and Fuller (1987), and Gauldie 
et al. (1987)l. Some acute-phase genes, such as the a,-acid 
glycoprotein gene in rats (alAGP), can be regulated, at least 
partially, by glucocorticoids alone at the transcriptional level 
(Kulkarni et al., 1985a,b; Baumann & Maquat, 1986; Klein 
et al., 1987). Therefore, we have asked whether glucocorticoids 
alone can affect the transcription of the a113 gene or whether 
the combined action with other mediators is required to pro- 
duce this effect. To dissect the effects of these two categories 
of signal substances, we have compared the effects of an in- 
jection of glucocorticoids alone into rats on the transcription 
of the al13 gene with the changes occurring in a full acute- 
phase response, where both agents are known to be active. 
Figure 8A,B demonstrates that glucocorticoids can act inde- 
pendently on the al13 gene: injection of dexamethasone alone 
into healthy, adult male rats produced a decrease of the a113 
transcription rate of approximately half the extent observed 
in a full acute-phase response. Thus, the al13 gene responds 
to glucocorticoids in a similar mode as the alAGP gene. From 
these results, we extrapolate that in an acute-phase response 
the effects of both types of signals may be additive and that 
both glucocorticoids and other inflammatory mediators may 
act independently rather than synergistically on the al13 gene. 

The nuclear al13 precursor RNA levels, titrated with an 
intron probe, declined after injection of dexamethasone into 
rats with similar kinetics as the transcription rates (Figure 
8A,B), supporting the transcription rate measurements. 

Apart from the acute-phase genes, many other genes ex- 
pressed in rodent hepatocytes are regulated by glucocorticoids, 
and a variety of different response patterns have been observed. 

Some genes are transcriptionally induced by glucocorticoids 
(alAGP and a,,-globulin; Kulkarni et al., 1985a,b; Baumann 
& Maquat, 1986; Klein et al., 1987; Addison & Kurtz, 1986); 
others are decreased in their transcription [a,-fetoprotein 
(alFP) and procollagen; Turcotte et al., 1985; Weiner et al., 
19871. The glucocorticoid effect on some of these genes is 
blocked by protein synthesis inhibitors (alAGP and azu- 
globulin; Klein et al., 1987, 1988; Addison & Kurtz, 1986); 
for others, it is not (a,FP; Turcotte et al., 1985). We have 
compared the 5’-flanking sequences of the al13 gene by com- 
puter-assisted sequence analysis with those of the a,,-globulin, 
a lFP,  and alAGP genes as representatives of these different 
categories of regulatory responses to glucocorticoids. 

The hexanucleotide S’TGTYCT3’ is commonly referred to 
as the GRE (glucocorticoid responsive element) core sequence. 
It is the common core of two different extended versions of 
the consensus glucocorticoid receptor binding sequence 
(Jantzen et al., 1987; Scheidereit et al., 1983; Payvar et al., 
1983; Karin et al., 1984; Moore et al., 1985). The gluco- 
corticoid hormone-receptor complex can bind to different 
DNA target sites of approximately 16-20 bp in length that 
contain this core. 

The 5184 bp sequence of the 5’-terminal region of the al13 
gene (Figure 3A) contains 20 copies of the hexanucleotide 
GRE core element, 12 in forward and 8 in reverse orientation. 
Most of these do not share significant similarity with the 
extended GRE consensus sequences and therefore are not likely 
to be functionally relevant. However, two of these elements, 
located at -158 to -163 bp and -197 to -202 bp, are likely 
candidates for functionally relevant GRE elements for the 
following reasons (Figure 9). The more distal element at -197 
to -202 bp shares a 14/16-nucleotide sequence identity with 
the region around position -166 of the a lFP  gene, which is 
a confirmed glucocorticoid receptor binding site (Belanger et 
al., personal communication; Chevrette et al., 1987). The other 
element at  -158 to -163 bp is an imperfect copy of the core 
sequence, congruent in only 5/6 positions. It is present in 
reverse orientation in the al13 gene. However, the area of the 
al13 gene surrounding this element shares extended sequence 
conservation with the region -1 14 to -121 of the alAGP gene, 
and with the region -118 to -125 of the a,,-globulin gene. 
These areas have been shown by transfection experiments to 
be relevant for glucocorticoid control of the a lAGP and 
a,,-globulin genes (Baumann & Maquat, 1986; Addison & 
Kurtz, 1986). The extent of sequence similarity with the 
a IAGP gene around this site is particularly striking, raising 
the possibility that both genes share in this position binding 
sites not only for the glucocorticoid receptor but possibly for 
additional other proteins binding in the vicinity that could 
modulate the glucocorticoid control of these genes (Klein et 
al., 1988). 
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It will be interesting to determine in the future how glu- 
cocorticoids down-regulate the transcription of this gene and 
of a few other genes, while in most known cases glucocorticoids 
increase the transcription of responsive genes. 
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Heptads of Polar Ether Lipids of an Archaebacterium, Methanobacterium 
thermoautotrophicum: Structure and Biosynthetic Relationship? 
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ABSTRACT: The structures of the eight major polar lipids of Methanobacterium thermoautotrophicum were 
determined. They were one diether glycolipid (gentiobiosylarchaeol) and serine-, inositol-, and ethanol- 
amine-containing diether and tetraether types of phospholipids and phosphoglycolipids [archaetidyl-L-serine, 
caldarchaetidyl-L-serine, gentiobiosylcaldarchaetidyl-L-serine, 1 D- l-(archaetidy1)-myo-inositol, 1 D- 1 -(cal- 
darchaetidy1)-myo-inositol, l D- l -(gentiobios ylcaldarchaetidy1)-myo-inositol, archaetidylethanolamine] . In 
combination with 2 neutral lipids and 3 polar lipids that have been already described in the previous paper 
[Nishihara, M., Morii, H., & Koga, Y. (1987) J. Biochem. (Tokyo) 101, 10071, the 13 lipids were proposed 
to be classified in three groups, that is, three “heptads”, each of which was constituted by diether and tetraether 
types of neutral lipids, glycolipids, and phospholipids and a tetraether phosphoglycolipid. The heptad concept 
implied the biosynthetic relationship between diether and tetraether lipids which was supported by in vivo 
kinetic experiments. When growing cells were pulse labeled with [32P]orthophosphate, there was a lag of 
15-90 min between the rapid incorporation of label into diether polar lipids and that of label into the 
corresponding tetraether polar lipids. The lag times and rates of incorporation of 32P into tetraether 
phospholipids and their respective diglucosyl derivatives (phosphoglycolipids) were almost identical. In a 
pulse-chase experiment with [32P] Pi, rapid turnover of the three diether lipids other than archaetidyl- 
ethanolamine was observed. At the same time radioactivity was incorporated into gentiobiosylcald- 
archaetidylinositol and other tetraether polar lipids. These results are consistent with a model which postulates 
that head-to-head condensation of phytanyl chains of two diether polar lipids occurs to yield tetraether polar 
lipids. 

O n e  of the prominent distinguishing features of archae- 
bacteria is the presence of glycerol isopranyl ether lipids. The 
complex lipids are classified as diether and tetraether types 
of lipids by their hydrophobic core portion. Because the 
tetraether types of lipids are apparently made of two halves 
of diether types of lipids in structure, it is important to elu- 
cidate the structural and biosynthetic relationship of the two 
types of lipids in one archaebacterium. For this purpose, 
structure determination of a whole set of major polar lipids 
in a methanogen is desirable, because, in contrast with extreme 
halophiles and sulfur-dependent archaebacteria, methanogens 
have both types of lipids (Balch et al., 1979; Tornabene & 
Langworthy 1979). Although several polar lipids have been 
reported in various methanogenic bacteria, only one report on 
the structure analysis of the major polar lipids in one species 
(Methanospirillum hungatei; Kushuwaha et al., 198 1) has 
appeared. 

Recently, the lipid composition and structures of three 
tetraether polar lipids of Methanobacterium thermoautotro- 

This study was supported in part by Grants-in-Aid for Scientific 
Research (62560092) from the Ministry of Education, Science and 
Culture of Japan and grants from the Agricultural Chemistry Founda- 
tion, Japan. 

*Address correspondence to this author at the Department of Chem- 
istry, School of Medicine, University of Occupational and Environmental 
Health, Japan, 1-1  Iseigaoka, Yahatanishi-ku, Kitakyushu, Fukuoka 807, 
Japan. 

0006-2960/89/0428-0095$01.50/0 

phicum were reported (Nishihara & Koga, 1987; Nishihara 
et al., 1987). These lipids were caldarchaetidylethanolamine, 
gentiobiosylcaldarchaeol, and gentiobiosylcaldarchaetidyl- 
ethanolamine. We have proposed in that paper the concept 
of “a quartet of lipids” which consisted of the three lipids along 
with bare caldarchaeol. Moreover, it has been suggested that 
a quartet would be extended to a heptad by the addition of 
three diether lipids. Kramer et al. (1987) have found ar- 
chaetidylethanolamine, which should be a diether component 
of the heptad, in M .  thermoautotrophicum. As previously 
reported (Nishihara & Koga, 1987), this organism has at least 
23 species of polar lipids, only 4 of which were structurally 
elucidated as described above. In this paper the structures 
of eight more polar diether and tetraether lipids of M .  ther- 
moautotrophicum are determined, and three sets of complete 
heptads of serine, inositol, and ethanolamine lipids are de- 
scribed. 

Although the heptad concept is conceived on a structural 
basis, it implies the biosynthetic relationship of diether and 
tetraether types of polar lipids. Therefore, the hypothetical 
relationships should be experimentally examined. Up to now, 
mechanisms of biosynthesis of tetraether lipid from diether 
lipids in archaebacteria remain speculative. On the basis of 
the examination of the structural regularities in the tetraether 
lipids, Langworthy (1985) and De Rosa and Gambacorta 
(1986) inferred that the condensation of diether neutral lipid 
occurred before attachment of polar head groups to the diether 
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