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ABSTRACT Rat serine dehydratase cDNA clones were
isolated from a Agtll cDNA library on the basis of their
reactivity with monospecific immunoglobulin to the purified
enzyme. Using the cDNA insert from a clone that encoded the
serine dehydratase subunit as a probe, additional clones were
isolated from the same library by plaque hybridization. Nucle-
otide sequence analysis of the largest clone obtained showed
that it has 1444 base pairs with an open reading frame
consisting of 1089 base pairs. The deduced amino acid sequence
contained sequences of several portions of the serine dehydra-
tase protein, as determined by Edman degradation. Rat liver
serine dehydratase mRNA virtually disappeared from livers of
rats fed a protein-free diet for 5 days. Several genomic clones
were isolated from two libraries. Determinations of the tran-
scription start site and the structure of the 3’ flanking region
of the gene indicated that the coded mRNA is 1504 nucleotides
long. The 5’ promoter region contained a variety of sequences
similar to several consensus sequences believed to be important
for the regulation of specific gene expression.

L-Serine dehydratase [L-serine hydro-lyase (deaminating),
EC 4.2.1.13] catalyzes the a,B-elimination of L-serine to
produce pyruvate and ammonia. Studies in several labora-
tories have shown that the rat liver enzyme also catalyzes the
conversion of L-threonine to a-ketobutyrate by a mechanism
identical to that converting L-serine to pyruvate (1, 2). The
synthesis of the enzyme in vivo is enhanced in starvation and
diabetes mellitus (3). Serine dehydratase is readily induced
by the administration of various hormones that increase
gluconeogenesis (4-7), and its synthesis is repressed acutely
by the administration of D-glucose (5) and other sugars (8), or
chronically by the feeding of diets high in carbohydrates (9).
Since our studies were directed to the molecular mechanism
of the regulation of the expression of the rat liver serine
dehydratase gene, the determination of the structure of the
protein, its mRNA, and its gene, especially of regulatory
elements of the latter, became essential. Although Noda et al.
(10) have reported the isolation of a cDNA clone for rat liver
serine dehydratase, their clone [1000 base pairs (bp) long)
does not represent the entire mRNA, since it was of insuf-
ficient size to code for the serine dehydratase subunit that has
a molecular weight of 35,000 (10-12).

In this communication, we report the isolation and se-
quence analysisY of a cDNA encoding the entire amino acid
sequence of the serine dehydratase subunit. RNA gel blot
analysis indicated that the size of serine dehydratase mRNA
is close to that of the largest cDNA isolated in this study. The
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determination of the exact size of DNA complementary to
serine dehydratase mRNA was made by S1 nuclease and
sequencing of genomic clones of the regions flanking the
gene.

MATERIALS AND METHODS

¢DNA Cloning. A rat liver cDNA library constructed in
Agtll phage (13) was screened for antibody-reactive plaques
as described by Young and Davis (14). Antibodies from an
antiserum from a rabbit immunized with the purified serine
dehydratase (11) were affinity-purified on a column of serine
dehydratase-coupled Sepharose. The nitrocellulose filters
(Schleicher & Schuell) blotted with the complex of Agtll-
produced chimeric polypeptide and anti-serine dehydratase
IgG were incubated with '*’I-labeled protein A and they
fluorographed at —70°C. The positive clones were plaque-
purified, and their cDNA inserts were subcloned into the
EcoRlI site of plasmid pBR322 and used for further charac-
terization. A second screening of the rat cDNA library was
performed as above up to the overlaying of the nylon filters
(GeneScreenPlus, Dupont/NEN). The filters were pro-
cessed by the method of Benton and Davis (15) with a
nick-translated, 32P-labeled SDH1 probe (see text).

Cloning of Genomic DNA. A A phage Charon 4A library
constructed with the EcoRI digest of Sprague-Dawley rat
liver DNA (16) and a Charon 35 library constructed with the
Sau3A partial digest of Wistar-Furth rat liver DNA (17) were
used in this work. The libraries were kindly supplied by J.
Bonner (Phytogen, Pasadena, CA) and C. B. Kasper (Uni-
versity of Wisconsin, Madison, WI), respectively. The two
libraries were screened by plaque hybridization with the
full-length cDNA as a probe (15).The DNA inserts were
subcloned into pBR322 or pGEM-1 (Promega, Madison, WI)
for further study.

Other Methods. Hybrid-select translation, RNA gel blot-
ting, and Southern blotting were performed as described (18).
Total cellular RNA was isolated by the guanidium thio-
cyanate/CsCl centrifugation procedure (19) from the livers of
rats maintained on either a 0% or 60% (by weight) protein diet
for 5 days. Nucleotide sequences were determined by the
method of Sanger er al. (20). Restriction fragments were
ligated to the multiple cloning sites of M13mpl8/19. A
sequencing kit (Takara Shuzo, Japan) and [a-*?P]dCTP (800

$To whom reprint requests should be addressed.

IThe sequences reported in this paper are being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession nos. J03863 for the
cDNA sequence, J03864 for the 5’ flanking sequence, and J03865 for
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Ci/mmol; 1 Ci = 37 GBq; Dupont/NEN) were used for
sequence reactions, and products were electrophoresed on a
continuous 7 M urea/6% polyacrylamide gel (80-cm slab gel).
After drying, the gel was subjected to autoradiography with
a Fuji RX film for 12-24 hr at room temperature.
NaDodS0,/10% polyacrylamide gel electrophoresis was by
the method of Laemmli (21) with a calibration kit (product
number, MW-SDS-200, Sigma) with S-adenosylhomocys-
teine hydrolase (M,, 47,300) (22), glycine methyltransferase
(M,, 32,400) (23), and guanidinoacetate methyltransferase
(M,, 26,100) as size references (24).

Amino Acid Sequence Determination. Purified serine dehy-
dratase and the peptides generated by hot NaDodSQ, treat-
ment (25) of the enzyme were analyzed for amino-terminal
sequences on an Applied Blosystems model 470A gas-phase
sequencer.

Computer Analyses. Protein sequences homologous to
serine dehydratase were sought in the National Biomedical
Research Faundation data base!! with the program of Lipman
and Pearson (26).

RESULTS AND DISCUSSION

Isolation of Serine Dehydratase cDNA Clone. In a primary
screening of the cDNA library, 5 of 3 X 10° plaques produced
relatively strong signals. All of these positive plaques were
purified by three successive rounds of screening. The size of
the inserts ranged from 0.65 to 1.2 kbp. One of the clones, the
1.2-kbp clone, was designated as SDH1. A hybrid-select
translation experiment showed that SDH1 hybridized to the
serine dehydratase mRNA (data not shown). Using the SDH1
cDNA as a probe, the same library was rescreened for
additional clones. The largest cDNA SDH2 was found to be
1.45 kbp long on agarose gel.

Nucleotide and Predicted Amino Acid Sequences of the
cDNA. Digestion with various restriction enzymes showed
that SDH1 and SDH2 were identical except that the latter
contained an extension of 250 bp in the 5’ end (Fig. 1). The
entire nucleotide sequence of SDH2 and the predicted amino
acid sequence are presented in Fig. 2. The cDNA consists of
1444 bp with a poly(A) addition signal, AATAAA, at the 3’
end. There are four ATG codons within the first 221 nucle-
otides, none of which is adequate for initiating an open
reading frame capable of encoding a polypeptide having the
size of the serine dehydratase subunit reported (10-12). The
ATG codon at position 222 initiates an open reading frame of
1089 bp extending to the TGA at position 1311, and this frame
encodes a peptide of 363 residues with the calculated molec-
ular weight of 38,392. The sequence around the start site ATG
is partly consistent with the consensus sequence, 5" CCRC-
CATGG 3’ (where R is a purine), found by Kozak (27). Since
this size was larger than those reported (10-12), we reexam-
ined the subunit molecular weight of the purified serine
dehydratase by the method of Laemmli with various globular
proteins as size markers. The results clearly indicate that the
subunit molecular weight is 38,000 = 300 (data not shown).
When the amino acid composmons of the predicted polypep-
tide and the purified protein (11) are compared, on the
assumption that its molecular weight is 38,000, most of the
residues are identical in amount (Table 1).

Since gas-phase Edman degradation failed to release ap-
preciable amounts of phenylthiohydantoin amino acid deriv-
atives, the amino terminus of serine dehydratase is blocked.
Hydrolysis of the pure protein with endoproteinase Glu-C
(Boehringer Mannheim), which specifically cleaves at the

IProtein Identification Resource (1987) Proiein Sequence Database
(Natl. Biomed. Res. Found., Washington, DC).
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Fic. 1. Partial restriction map of the serine dehydratase cDNA
and sequencing strategy. The long lines at the upper portion of the
figure show the relative length and overlap of the two characterized
cDNA clones, SDH1 and SDH2. The middle portion of the figure
shows a partial restriction map of SDH2. The lower portion of the
figure shows the direction and the extent to which the sequence of
each subclone was determined.

carboxyl site of glutamine residues, was performed, and the
largest peptide was isolated by gel electrophoresis and
blotted onto glass fiber paper. The partial sequence of this

peptide was determined by Edman degradatlon As pre-
dicted, this sequence begins at the fifth amino acid residue
from the first ATG codon found as a plausible start site for
translation (Fig. 2).

Treatment of serine dehydratase with hot NaDodSO,
generated two peptndes with molecular weights of ~12,000
and =~25,000. This proced_urje is known to cleave the peptide
bond between aspartic and proline residues (25). Direct
application of the peptide mixture toa sequencer revealed the
presence of a peptide with the sequence Pro-Leu-Ile-Trp-
Glu-Gly-His-Thr-Xaa-Leu-Val-Lys-Glu-Leu-Lys-Glu-. This
sequence is identical with the cDNA-derived sequence from
residue 175 to residue 190. An aspartic residue is present in
the predicted sequence at the position preceding the amino-
terminal proline residue. No other Asp-Pro bond occurs in
the predicted sequence, indicating that the SDH2 clone is
complementary to serine dehydratase mRNA.

Dietary Regulation of Serine Dehydratase mRNA. Total
cellular RNAs isolated from the livers of rats maintained on
a 0% and 60% protein diet-were denatured and fractionated
on an agarose gel containing formaldehyde. Hybridization
was carried out with a nick-translated 32P-labeled SDH2
probe. As seen in Fig. 3, there is essentially no hybridizable
RNA in the livers of rats maintained on a protein-free diet,
whereas a substantial amount of serine dehydratase mRNA
is present in the livers of animals fed a 60% protein diet. The
levels of albumin mRNA as determined by probing with a
32p_Jabeled albumin cDNA were unaffected by changes in
dietary protein. The serine dehydratase mRNA appears to be
composed of a single component of ~1500 nucleotides. This
value is in agreement with that reported by Noda et al. (10).

Cloning of Serine Dehydratase Genomic DNA. A number of
genomic clones for serine dehydratase were isolated from
two Agtll genomic libraries. Of these, one clone in Charon 35
had fragments of 3, 4.2, and 6.6 kbp, and one clone from
Charon 4A contained fragments of 3 and 14 kbp. Southern
blot analysis indicated that the 3-, 6.6-, and 14-kbp fragments
hybridized to SDH2. The 6.6- and 14-kbp fragments over-
lapped in the 5’ region.

Structure of Regions Flanking the Gene. In Fig. 4 are seen
the nucleotide sequences of the 5’ and 3’ flanking regions of
the serine dehydratase gene. The transcription start site (cap
site) was determined by S1 nuclease mapping (33) (data not
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Fi1G. 2. Nucleotide sequence of SDH2 and deduced amino acid sequence. The nucleotide sequence numbers are shown at the right margin,
and amino acid sequence numbers are shown below the amino acids. The methionine corresponding to ATG at position 222 is numbered 1. The
amino acid sequences determined by Edman degradation are underlined, and the poly(A) addition signal is boxed.

shown) and is numbered +1. The sequence around the cap
site is similar to the general observation that pyrimidines are
located at positions —5, —1, and +2 to +6 (34). In the §’
flanking region, there are no typical “TATA” and ‘‘CAAT”’
boxes, which are usually located =30 and =70 nucleotides,
respectively, upstream from the cap site (35). Instead, its
variations, ‘“‘ATA’’ (36) and ‘““CAT”’ boxes (23), occur at
positions —194 and —222, respectively. Within this region
are the sequence CTTTCCAC, which is complementary to
the enhancer core of a 72-bp repeat sequence of simian virus
40 (37), and the sequence TCTCACCCCA, which is homol-
ogous to the enhancer core of polyoma virus (38). Upstream
of the ATA box, there are a number of ‘‘GC’’-like boxes with
homology to those reported to be the binding site of tran-
scription factor Spl (34). The sequence ATTTGCAA at
position —357 is almost identical to that of lymphoid en-
hancer motif (39). There are 19 sets of alternating TG
sequences near position — 1200, which might favor a change

of chromatin structure (30). There exist two putative gluco-
corticoid response elements (32) at positions —289 and
—2241. Glucocorticoids regulate serine dehydratase in vivo
or in primary cultures of hepatocytes (4-7, 11, 12). Jantzen
et al. (29) have reported that the two glucocorticoid response
elements at positions —2472 and —2495 in the rat tyrosine
aminotransferase gene function as a transcriptional en-
hancer. By analogy the far upstream sequence in the serine
dehydratase gene may also be important for gene expression.

In the 3’ flanking sequence of the gene, a poly(A) addition
signal, AATAAA (28), occurs at position 124. Because both
of the cDNA clones (SDH1 and SDH2) examined lack
poly(A) tails, we cannot assign the poly(A) addition site in the
cDNA sequence. However, we assume the cytidine residue
at position 155 to be the site of poly(A) addition, since (i) the
boundary C'AA sequence [where the prime indicates the
poly(A) addition site] is conserved in most eukaryotic genes
(40) and (ii) the distance between this residue and the
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Table 1. Amino acid composition of serine dehydratase

Number of residues per monomer

Predicted from Amino acid analysis
Amino acid cDNA sequence of purified protein

Aspartic acid 11 18
Asparagine 7
Glutamic acid 23 39
Glutamine 15
Half cystine 7 7
Serine 28 25
Glycine 34 34
Histidine 9 7
Arginine 12 9
Threonine 19 19
Alanine 39 42
Proline 17 17
Tyrosine 4 4
Valine 35 35
Methionine 8 6
Isoleucine 18 18
Leucine 41 41
Phenylalanine 9 10
Lysine 23 24
Tryptophan 4 4

Total 363 359

Values described in ref. 11 are corrected by multiplying by 1.11,
on the basis that the subunit molecular weight of serine dehydratase
is 38,000.

AATAAA sequence (26 nucleotides) is in the range of 10-30
nucleotides reported for other mRNA 3’ sequences (28). If
the postulated residue is indeed the site of addition, the length
of DNA complementary to serine dehydratase mRNA is 1504
bp. This value approximates the size of the mRNA deter-
mined by RNA gel blot hybridizations of total cell RNA (Fig.
4) and independently by Noda et al. (10). These results
suggest that the poly(A) tail of serine dehydratase mRNA
may be relatively short. This is of interest since one of the
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Fi1G. 3. RNA gel blot analysis of mRNAs for albumin and serine
dehydratase under various dietary conditions. Total cellular RNA
was prepared. Ten micrograms of various RNAs pretreated with
formaldehyde/formamide was electrophoresed in a 1.5% agarose
gel, blotted on a nylon filter, and hybridized with the 32P-labeled
probe (20). (Left) Steady-state level of albumin mRNA from the
livers of rats fed 0% protein diet or from the livers of rats fed 60%
protein diet. (Right) Steady-state level of serine dehydratase mRNA
from the livers of rats fed 0% protein diet or from the livers of rats
fed 60% protein diet. Ribosomal RNAs were used as size markers.

Proc. Natl. Acad. Sci. USA 85 (1988)

functions of the poly(A) tail on mRNAs is to enhance stability
of the mRNA in vivo (40-43). We find an A + T-rich sequence
in the 3’ end of the gene (84% abundance from positions 98
to 153). Shaw and Kamen (44) reported that a highly con-
served 50-60 nucleotide A + T-rich sequence found in the 3’
noncoding region of mRNAs may be involved in mRNA
stability. Since the stability of serine dehydratase in RNA
appears to vary in normal and neoplastic rat liver (45), further
investigations will be focused on elucidating the mechanisms
of its regulation in these tissues.
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GRE

GAR TTCCGGAGCTGCTGTGGGAC AGCCGCCCTGGAATTGCGTG TCACTGAGCAAGCTGTTCTT
CACCCTGAGGACATCCAAGG AACATCTCCAGAGATTGCCC AGTGTCCCCTGGGT:
GCTGAGTTGAACAGAGGTGT GGGAAGGAGGCGTGTGAGAA TGATCGGCAAAGCT

CGCAGATGACTGAGGGCTTT

CCTGGCATTCTGAGGGACCT

GAGTCTGATCCTCAGTGCCA

CACGCGCCTGTAATGGCAGC ATTCTGAAGGCGGAGGCAGG AGGATCGGGAGTTGAAGGGC

TCCGAGGCCAGCCTGGGTTA
ATCTGTCCCCAGCCCAACCC
TGTCCTCAGCTACCCTCTGC
GGGAGCCCACCCACTGCTGT
ATTGCTTTGGCAATGAGATG
CCTACTTCCCTCTATCCCTG
CAGAAAAAGCAGCAGACGTG
AGTCAAATCCCAGCAAACCA
CGATGGTGTGCTCACATATA
GTGTGTGTGTGTGTGTGTGT
GGTCACGATGGTCATAGTGG
GTGGCCAATAGTGAATAGTG
CGCAGTCCCACCTCTTCAAA
AAGGTTCTTGCCCAGAGCCA
CCTTTTATATGAAGAGGATG
CGCCTTTCACTATCTATACG

CATGAAGCTGAGCCCCATAC
TCTGCCTCAGCTTCTATTGT
ACCAGCAACTGTCCGGCTTT
Spl
CCGCCCACGAGTCCTATAGG
Spl
GGGAGAGAAGGTGAGGCGGA

GGCCTGCCTGGGCCCTCATT
GRE
TCCCAGGACACAGACAAAAT

TGTGAGACCCTGACTCAATT
AATCCTCCACATCAGCTCTG
CCTGGTGACTCTCAGCAAAC
GTCTTAACACACGTGAAACC
CTGGTCCAGAGAGTACAAGG
ACCCAAACCTGTGGTCATCC
GGGCTGGAGAGATGGCTCAG
TGTGGCTCACAACCATCTGT
TTAAATAAACAAATAAATCT
GTGTTTATGCTGTGGACACA
TGGTGGTGGTGATGGTTACT
ATGGTGATGATAAAGGTTAC
GCCTGGAACAGCGGTACCCA
TGTATCTAGTAACAGCAGAG
GCAGGGGATGGTGGTAAGCA
AGCTGTGCCTCATTTCCACT
Spl
TCCCCGCCCTTTTTCTTTCT
TCTGGCTTGAAGGTGTGAGT
TCTGTTATTTCTGGGATTGA

CCTTTCGGAGATGAATGTCT
CCTTGGAGGGCAGAACAAGT
GGCTGCCCGGAGCTCAGCCC

CTACCCTTCTCGCTCGCTCT

TTAAATGATAGGTGTGTCCA
CACTCTCTTAAAACTATGAG
ACCATCCTCCAAGCCTGCCC
CCCCACACAGGAGGCAAATG
TAGCTGTGTCCACACATGGG
CTAATGCGGATGGTCAGAAA
TGGTTAAGAGCACTGGCTGC
CATGGACTCTGATGCCCTCT
TTTTTAAAAAAAAGCACATG
CAGGTCTCTGCACACAGCCT
GGTACTGATACTGATGGTAG
CAACACTGGCTACCTGTTCA
TGTCATCCCTGTTTACACAC
CAGGACTTGAACCCAGATCC
AGGGGTGTCAATCATAGCTT
CTGTACAGACCTGTTGGATG

ATTTTGAGACAGGCTCTCAC
TGCCATATGGCTGGCCTGTG
CCCCTGGGACTCTGGCAGGA
Lym
TCATTTGCAACGGAAAAAAA

GGTGCAGCATGGACCAGGGG

ATCACACCACCTTGAGGACA
TGTGGGGGCTGGGAATCCGG
TGTGAGGTGGGCACGGTTGG
ATCTTCAGCTACTCGGTGAG
AACTACCCAGTCCTGTTGTC
TCCCTGGGTTCAATTCCCAG
TCATCTACAACAAGGACTAA
ATGTGGAACCAGGGTCCCCC
CTTTGTGTCATCCTGGCTTG
GAACAATGCACACCACAGGC
TCCTCCAGAGGTCCTGAGTT
TCTGGTGTGTCTGAAGTCAG
GACTCTGTGTGTGTGTGTGT
GGAAACGGGTCAGAGGGGAT
TGCTGATAGTGTTGACAGTG
ATTTCAAGTCTCTCACCTAA
GAACAGAGGCTCTCGAGGTC
CCTTTGTCTAACCCATACGC
GGGCGTCAACCCCCAAGTCC
GTTTTACATTGATTTGGGTT

TCCTTAGTCCAGGCTGTCCT
TGTTTCTTGGCCATARACAG
GCTCCTCAGTGCTGCGCTGE

AAAAAAAAAAAAAAAGAACG
Spl Spl
GCGGGGATTTCTGGGGGCGT

GGAGAATAAAGCCCTGGGGT

GTCCAGCTCCTCCTGTGCCG

SvV40
GTCCTGCCAACTTTCCACTC

GGTATGTGGCCCTCAGCCTC
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Pol

AGTCTCACCCCAAGATTGAC AGCCAGAGCAGGGTACCGGA GAGGGAAGAGGGACTGGGAC TCATCCAGTTCAAGTCTCC -1
ATGTACTGATCTGTAAAATG GGACGATGATATAG@CCTC TAGATCAGGACGTCGCCGGG GTGGCTGTGACTTGGCCAAG 80
TGCTCGCATGAGTCAAATGA CAAGGAAGAGACTTCTGCCG TGGAACCCATGCCGCACCGG CCACCTTTGCCAAGACCGCC 160
TGTGCCTTTTTCTCTCGCAG GTCATATCACCTATAGAGGC GGATGCGACTGGCCTCTGGG GTGGGAATCAGTATGGAGT@ 240

&TCTGCTGCTGCCCTGGCCA CCCTGAGGGGTCACCAGCAC CCCTGAGTAGGCTGGGTGGG CGTCCGCCTGACAGTGGCCC 80

ACCCTCCTTTATCCATGTTT ATAATATGCACTTTTTCATT

GT

TTAATATAT ATATGTTTATAAA GA 160

TCTTTTGAGCTTTGTTATTG ACATGGGGTCTATGTGCAGC CCAGGCTGGCTTCAAACTGG AGATCCAA GG 240

TCGACTCTAGAGGATCGATC CCCGGGCGAGCTC

FiG. 4. Nucleotide sequences of 5’ (A) and 3’ (B) flanking regions of the serine dehydratase gene. The sequences were determined on both
strands of the restricted fragments and fully overlapped. (A) The middle portion of the 3-kbp fragment of serine dehydratase genomic DNA was
sequenced. The site of transcription initiation determined by S1 nuclease mapping is numbered + 1. The sequence in brackets is the sequence
identical with that of the most 5’ region of SDH2 (cf. Fig. 2). This sequence is followed by the first intron. (B) The EcoRV-EcoRI fragment located
at the most 3’ end of serine dehydratase genomic clone pGEM 6.6 was sequenced and the EcoRYV cutting site is numbered 1. The sequence in
brackets is identical with that of the 3’ region of SDH2 (Fig. 2). Sequences identical with or similar to consensus sequences are underlined. Lym,
lymphoid-specific promoter (28); Spl, binding site for transcription factor Spl (29); SV40, enhancer core of 72-bp repeat sequence of simian
virus 40 (30); GRE, glucocorticoid-responsive element (31); Pol, enhancer core of polyoma virus (32). A poly(A) addition signal is boxed, and
the probable poly(A) addition site is indicated by an arrowhead.
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