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We have characterized sequences of genomic DNA 5' to the coding region of the rat malic enzyme gene. This
sequence possesses neither TATA nor CCAAT sequences in their usual positions but is rich in GC residues.
Sequences similar to those found in the regulatory regions of other genes are discussed. Deletion analyses have
revealed that sequences + 1 to -41 are sufficient to initiate expression, although inclusion of information up to
-177 is necessary for maximal promoter activity.

Rat liver malic enzyme (ME) (EC 1.1.1.40) plays an
important role in lipogenesis. We have previously reported
cloning (22) and the sequence of ME mRNA (21) and shown
its regulation by thyroid hormone and a high carbohydrate
diet (4-6). To investigate regulation of the ME gene, we have
identified and sequenced its 5'-flanking region.
The sequence shown in Fig. 1 extends from the EcoRI site

through the transcription start site and includes 109 base
pairs (bp) of the first exon with a portion of the first intron.
The structural organization of the ME promoter differs from
that found in tissue-specific promoters, which are usually
rapidly regulated and often switched off, but it resembles
more closely promoter regions of several eucaryotic consti-
tutive or "housekeeping" genes (23-28, 30, 31), the simian
virus 40 late promoter (9), and some recently characterized
proto-oncogenes (16, 17). A TATA box (2), usually located
20 to 30 bp upstream from cap sites, lies at -622 (Fig. 1). The
sequence CCGAT, between -144 and -140, resembles the
canonical CCAAT consensus sequence often found at a
position 80 bp from transcription start sites in many eucary-
otic promoters (7). The most striking motif is the nine
hexanucleotides CCGCCC. Six of these GC boxes are lo-
cated upstream from the major cap site from -376 to -10.
One GC box is present in an untranslated region, while the
last two GC boxes are found within the first intron. Note-
worthy is the number of nucleotides, (i.e., 65, 63, and 61)
separating the GC motifs at -46, -111, -174, and -235,
respectively. This rather equal spacing, also seen in the
5'-flanking region of the adenosine deaminase gene (31),
might play a role in the chromatin assembly required for
expression. The 6-bp sequence of the GC motif is the same
sequence that is repeated six times within the simian virus 40
promoter (9) and has been shown to be a core element in the
decanucleotide sequence, exhibiting high affinity binding for
Spl (1, 8). Judging from the adjacent sequences, the GC box
at -174 and the first one in the intron are the most likely
targets for strong interactions with Spl.
A 10-bp direct repeat of the sequence 5'-CTCGCCACCC-

3' was noted at positions -73 and -51, respectively. A 26-bp
sequence from -110 to -84 is similar (14 of 26 nucleotides
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with one deletion) to the consensus sequence of the 3' region
of a 48-bp repeated element in the mouse dihydrofolate
reductase gene (25).

Farther downstream from -124 to -119 is the hexanu-
cleotide sequence 5'-CGCTTC-3'. Three copies of this se-
quence occur within the boundaries of the Moloney murine
sarcoma virus long terminal repeat distal transcription signal
(11), immediately downstream from the CCAAT box. The
position of this element relative to a CAT-like box (-144)
found in the ME gene 5'-flanking region imitates the position
identified in the viral long terminal repeat. We also note that
a purine-rich region at the position from -250 to -241 is
closely homologous (9 of 10) to enhancerlike sequences
present in the adenovirus 5 Ela -200 region (15).
To determine the location of functionally essential se-

quences required for maximal promoter activity, we utilized
a 5' deletional analysis, using the restriction sites NarI,
HaeIII, ScaI, and PvuII or exonuclease Bal 31. These
constructs, containing various fragments of the putative ME
promoter in sequence with the coding region of the bacterial
gene for chloramphenicol acetyltransferase (CAT), were
tested in transient transfection assays for their ability to
express CAT activity using Chinese hamster ovary (CHO),
mouse hepatoma (Hepa I) and human cervical carcinoma
(HeLa) cells. Recombinant plasmid DNA (5 or 15 ,ug) (20)
and pCH110 (3.75 ,ug) (13) (Pharmacia) were added to a 10
cm dish containing 1 x 106 to 2 x 106 cells. Each experiment
was repeated three to five times, and for each, the results
were done in triplicate. The CAT enzyme and P-galacto-
sidase assays (19) were performed 40 h later. The CAT assay
was run for 3 h, with the addition of 3 ,ul of 4 mM acetyl
coenzyme A at hourly intervals to maintain linearity of CAT
enzyme activity and 5 ,ul ('-50 mCi/mmol) of '4C-labeled
chloramphenicol. The ,B-galactosidase assay was run for 20
to 90 min.

Figure 2 shows the endpoints of the 5' deletion mutants
and their relative promoter activities. The deletional mutant
pME 22 CAT with the 5' endpoint at -177 was most
effective in transcriptional activation and was given a value
of 100. A 20% reduction in transcriptional efficiency (pME B
42 CAT) was observed when 32 nucleotides were removed
from the 5' end of pME 22 CAT, suggesting that the deleted
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GAATTCGCAT AGCCCAGAAG CTATAGCTGT ACTGATGGGC TCAAGTAAAA TAATTAGAAA TTATTTCTCA GGTATCTAGG CAATATTTAA CCCCCAAATT -783

GTTCCGCAGT GTCTAGATGA ACACCATAGA ATTTGGCCGT GCGACTTAAC TGAAAAGAAA GGGCTTTGTT GTCTGAAGGC TGCTTGGCTG TATTGTTTTG -6a3

TTTTAATCAG ACATCCTTGG GAGACATAGG ATTTATTTCT CCAGTCCTTG GATCTTCAAG TATAAATATC AATAATACAA CCACTGGGTT TCAGTACTGG -SB

AAGACCTGTT ATTCTGACCC TCTGTCATCA GAGAAGAAAC CATACATCAT CTTGCAAAAA TTAACATCTT GGTTTCCAGA ACGCTCAGGA AAATTGTTCT -483

TAAGCTCAAT AGGACTGGCC ACTGGACCTG TGCCCTCTAA CACCTTTTTC TTACCACGTT CGAACACAAT TCCCTCAGAT ACTATTCAGA AACAGGCGAG -383

GAGTC CGC C ATCGCCC AGTGCCATCG AGGCCTGGGC ATTCTGGGTC AAAGTTGATC CCCTCCTGCA TCAGGCCCCT GGGGCATGGC TGGCATCCAG -28

GACGTTGGGG TTAGGGAGGA CATGGACGAG CGGAGGAAGC GAGCGG CG CC TCACCC GTCGGTGCCC AGGTCGCACG CTCGGCGCTC ACCAGCTTGG -183

CCGGCGCC CCCGCCT C(:TCGCACGG CGGCTCGGCC GATGCCGCCG TGACTCAGCG CTTCTCGCGG G7 J CG CGGCCGCGGC TAGGCCGGGC -83

TCCTCCCGCC TCGCCACCCC CTCTCGCCAC CCACG CGC C CGGCCGC GGGGCCTTCC GTCGCACGGC CGC C CGCACTCCCG CC GC
00 0 +10

CACGGTGCTG GCCATGGATC CC(CGAGCCCC (CGCCGCCGA CACACCCACC AGCGCGGCTA CCTGCTGACG CGGGACCCGC ATCTCAACAA GGTGAGCtfC

C GAGAGG CCCGCCGCTG (;GCTCGGGCA CCCGCGTCCC ACCGAGGGGA CGGTCCCACC CGGGAGGCCA CTGCGGAGCC GGCGCCAACG

FIG. 1. Nucleotide sequence of the ME 5'-flanking region, including the first exon and adjacent intronic sequences. The sequence was
obtained from the genomic subclone kg ME 29, isolated in our laboratory. Restriction fragments were subcloned into M 13 vectors using
Escherichia coli JM103 as the host and were sequenced in both directions using the dideoxy-chain termination method (29). The major
transcription start site is designated by +1. The TATA box at -622 and ATG at +32 are underlined by solid lines, the repeated sequences
CCGCCC are enclosed by boxes, and direct repeats are denoted by horizontal arrows. Nucleotide sequences similar to those of the mouse
dihydrofolate reductase promoter region ( - . - . ), Moloney murine sarcoma virus long terminal repeat (. . . . ), and adenovirus 5 Ela
enhancer (----) are indicated, as are the CCGAT sequence (underline), the exon-intron junction (1), and minor sites determined by S1 nuclease
mapping (unpublished data) (0).

nucleotide sequence containing GCCCCGCCCC, a potential reduction in activation was observed when the sites were
high-affinity binding site for Spl (18), contributes little to deleted (28). The most striking decrease in transcriptional
maximal promoter activity. It has been suggested that two activation in the ME promoter resulted from removal of an
possible Spl-binding sites found in the promoter region of additional 22 nucleotides from the deletional mutant with the
the mouse hypoxanthine phosphoribosyltransferase gene -145 endpoint. This reduction in expression was more
(HPRT) are not essential for transcription; however, some profound when this plasmid was transfected into CHO cells.
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FIG. 2. Structure and activity of ME promoter-CAT chimeric gene (A) Organization of deletion mutants. The EcoRI-BamHI DNA
fragment used to construct the 5' deletion mutants is shown at the top. The 3' end contains the pUC18 polylinker (BamHI-HindIII) followed
by the structural portion of the CAT gene obtained from pSVO CAT. Solid lines illustrate the 5' endpoints of the ME sequences, determined
by sequencing with a reverse primer (14). The nomenclature of the recombinants has been abbreviated such that the designation pME CAT
was omitted. (B) Relative promoter activities of the ME CAT chimeric plasmids. Transfections with pME CAT recombinant plasmids and
pCH110 plasmid were performed as described elsewhere (10) with Hepa I (_), CHO (IzI), and HeLa ( ) cells. The percentage of
conversion of chloramphenicol was then divided by the A420 of the corresponding -galactosidase assay, giving a value normalized for
transfection efficiency.
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FIG. 3. Primer extension analysis of transcripts from rat liver (A
and C) and Hepa I cells (B and D). (A) Rat liver ME transcript. The
primer used was derived from a genomic subclone after digestion
with EcoRI and AvaI and was then dephosphorylated and end
labeled with polynucleotide kinase. Digestion with BstXl yielded
the 5'-end-labeled 23-bp fragment. The BstXl and NaeI sites are
located upstream from the translation initiation codon (ATG), while
AvaI is present in the coding region (_). The asterisk indicates the
5' end label of the noncoding strand (C). For a primer extension
assay, 2 x 105 cpm of BstXl-Aval fragment was incubated with 25
,ug of poly(A+) RNA (3) from liver of thyroid hormone-treated rats
(lane a) or yeast tRNA (lane b) and with 5 U of reverse transcriptase
(27). Numbers indicate the sizes of the probe and extended prod-
ucts, determined from a sequencing reaction of the cDNA frag-
ments. (B) Hepa I ME transcript. The primer was a synthetic
oligonucleotide (5'-TTAGCTCCTGAAA-3') complementary to 19
nucleotides present in the most 5' end of the CAT sequence (D,
heavy underline). The pUC18 linker sequence is indicated by a thin
underline, and the cap site of rat liver mRNA is designated +1,
representing the 5' end of the elongated product as determined on
rat liver. The A in ATG is denoted by the asterisk. The presence of
GG residues (boxed) is unexplained. For a primer extension assay,
100 ,g of total RNA from control Hepa I cells and cells transfected
with pME B 40 CAT (-243) was hybridized to the 5'-end-labeled
primer (B, lanes a and b). Numbers indicate the molecular sizes of
32P-end-labeled pBR322 DNA digested with Mspl.

The sequence residing within this 22-nucleotide segment
harbors the pentanucleotide CCGAT, which somewhat re-
sembles CCAAT. The mutation of the third base in this
sequence from A to G could represent a down mutation and
could thereby maintain a low level of expression observed
for the ME gene in vivo. Indeed, specific point mutations
within or adjacent to the CCAAT box modulated the expres-
sion efficiency of both the Moloney murine sarcoma virus

long terminal repeat and the herpes simplex virus thymidine
kinase genes (12).

Internal repeats have been identified in several housekeep-
ing genes. Inclusion of the direct repeats present in the ME
5'-flanking region at positions -73 and -51 in the deletion
mutant pME EPS 26 (-101) increased the efficiency of
expression by only 20%. The 8-bp direct repeat was found in
the promoter region of the human 3-phosphoglycerate kinase
gene (30). The human adenosine deaminase promoter region
contained three inverted repeats (31), and the mouse dihy-
drofolate reductase gene contained three copies of the 48-bp
repeat (25). More extensive repeats were located in the
promoter region of the mouse HPRT gene (27). Deletional
analysis of the mouse dihydrofolate reductase promoter
region showed that at least one copy of the repeat is
necessary for expression (25). Similar analysis of the mouse
HPRT promoter region suggests that removal of the first
copy of the 18- and 12-bp repeats has no effect on expres-
sion, while disruption of the second 12-bp repeat reduces
transcription (27). To determine whether transcripts from
pME CAT chimeric genes initiated at the same position as
those from rat liver, RNA from liver and transfected Hepa I
cells and CHO cells (data not shown) was used in primer
extension analysis. Results (Fig. 3) indicate that the ME
transcripts of the pME B40 CAT initiated at the same sites as
those detected for the rat liver transcript.
Housekeeping gene promoters are complex and distinct

from tissue-specific promoters. While a dramatic increase in
transcription rate may occur with the addition of a relatively
short sequence in the 5' region of tissue-specific promoters,
only gradual increases are usually observed with the addition
of a 5' sequence of housekeeping genes. The ME gene
expression clearly demonstrates this effect. Moderate differ-
ences in the level of gene expression may therefore be
representative of housekeeping promoter systems, such as
the threefold change in expression observed within 200 bp of
the HPRT promoter (27). We found a similar magnitude of
alteration in promoter activity in the ME system when we
compared deletions from -177 to -41.
A repeatable reduction of approximately 40% in the

expression of CAT activity was detected with deletion
mutants pME CAT 29, 18, or 8 when each was transfected
into CHO cells (Fig. 3). We did not pursue this observation
further. However, a similar finding was reported for the
mouse HPRT minigene when promoter mutants were trans-
fected into RJ k 88, the HPRT-deficient Chinese hamster line
(27).

In conclusion, it appears that the ME promoter encom-
passes at least three domains. One domain contains se-
quences up to -41 and is required for the initiation of
transcription. The second element is rather diffuse, with its
5' boundary at position -122, containing sequences similar
to those found in promoters of other genes. The precise role
of these domains in the ME promoter function is not
understood at this time. The third region, from -122 to
- 145/-177, is required for maximal promoter activity, since
deletion mutants containing more 5' nucleotides did not
change the level of CAT expression when they were trans-
fected into Hepal or HeLa cells.

We are grateful to J. E. Rall for valuable discussions and
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ration of the manuscript.
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