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The rat pyruvate kinase L (PKL) gene produces the 
L- and R-type isozymes by alternative transcription 
that is regulated in a tissue-specific manner. To inves- 
tigate which DNA elements are involved in hepatocyte- 
specific expression of the L-type isozyme, we per- 
formed transient DNA transfer experiments with PKL/ 
chloramphenicol acetyltransferase fusion genes. We 
found three positive regulatory regions required for 
expression of the L-type isozyme in adult rat hepato- 
cytes by functional analyses of a series of 5’ and inter- 
nal deletion constructs of the fusion genes. These re- 
gions, designated as PKL-I, PKL-II, and PKL-III, were 
located between nucleotides -76 and -94, -126 and 
-149, and -150 and -170, respectively. PKL-I 
showed enhancer-like activity alone, whereas PKL-II 
and PKL-III did not have any independent effect. Com- 
binations of L-I + L-II and L-II + L-III, but not of L-I 
+ L-III, showed synergistic enhancer activities when 
oriented in the same direction. The inclusion of all 
three elements oriented in the same direction had the 
maximum synergistic effect, indicating that these ele- 
ments function as a unit. This unit enhanced expression 
from heterologous as well as homologous promoters in 
a manner that was independent of its orientation and 
position relative to the cap site. The activity of the unit 
was not detected in HeLa cells or K562 erythroleuke- 
mia cells, suggesting that this unit possessed cell-type 
specificity. 

PKL-I consists of a palindrome sequence 5’-CT- 
GGTTATACTTTAACCAG-3’, which contain a se- 
quence homologous to the LF-Bl-binding site. PKL-II 
contains the sequence 5’-TTCCTGGACTCTGGCCCC- 
CAGTGT-3’, which is similar to that of the LF-Al- 
binding site. PKL-III contains a palindrome sequence 
5’-CCACGGGGCACTCCCGTGG-3’, which include a 
sequence homologous to the binding site of the adeno- 
virus major late transcription factor. Gel retardation 
assay indicated that the different trans-acting factors 
interacted with three elements and that the truns- 
acting protein bound to PKL-I was in fact LF-Bl. 
However, the truns-acting factors bound to PKL-II and 
PKL-III were different from LF-Al and major late 
transcription factor, respectively. 
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Thus, we conclude that three cis-acting elements are 
very important for specific expression of the PKL gene 
in hepatocytes and that LF-Bl and two unknown fac- 
tors bound to these elements interact with each other 
to cause a synergistic effect. 

Pyruvate kinase (ATP:pyruvate 02-phosphotransferase, EC 
2.7.1.40), a key glycolytic enzyme, has four isozymes in mam- 
mals, which are named the Ml-, Mz-, L-, and R-types (l-3). 
The L-type isozyme is expressed in a tissue-specific manner; 
this form is expressed primarily in parenchymal cells in liver 
and is also present in kidney and intestine as a minor isozyme 
(2). Its expression is regulated developmentally (2). Expres- 
sion of the hepatic L-type isozyme is also regulated transcrip- 
tionally by insulin and glucagon (4). 

To investigate the molecular mechanisms underlying these 
regulations, we analyzed the genomic structure of the rat 
pyruvate kinase L (PKL)’ gene and found that the PKL gene 
encoded the R-type isozyme, which is expressed only in eryth- 
roid cells (5), in addition to the L-type (6). The PKL gene is 
composed of 12 exons and 11 introns with a length of about 
9.3 kilobase pairs (6). The first (exon R) and second (exon L) 
exons encode the 5’-terminal sequences specific to the R- and 
L-types, respectively, whereas the remaining downstream ex- 
ons are common to the two isozymes. Promoter sequences are 
present in the upstream region of exon R and exon L, respec- 
tively, indicating that the L- and R-type isozymes of rat 
pyruvate kinase are produced from the PKL gene by use of 
different promoters. 

Recent studies indicated that control of gene expression is 
achieved through the interactions between cis-acting DNA 
elements and truns-acting proteins that bind to these DNA 
sequences (7-9). c&Acting DNA elements responsible for cell 
type-specific and hormonal regulation of gene expression have 
been identified (10, 11). Most of these elements are located in 
the 5’-flanking region of the gene. Recently, the 5’-flanking 
regions of liver-specific genes were found to contain liver- 
specific elements, including elements interacting with the 
trans-acting factors named LF-Bl (also referred to as HNFl) 
and LF-Al (12, 13). The &-acting elements interacting with 
ubiquitous factors such as TGGCA-binding protein (14), 
CAAT box transcription factor (XI), and adenovirus major 
late promoter transcription factor (MLTF) (16) are also im- 
plicated in gene expression in the liver. 

In this work, we examined the 5’-flanking region of the 

1 The abbreviations used are: PKL, pyruvate kinase L; CAT, chlor- 
amphenicol acetyltransferase; MLTF, major late transcription factor. 
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PKL gene using transient expression assay based on the 
chloramphenicol acetyltransferase gene and analyzed trans- 
acting proteins by gel retardation assay. Here we report the 
identifications and characterizations of three &-acting ele- 
ments required for hepatocyte-specific expression of the PKL 
gene and tram+acting factors interacting with them. 

EXPERIMENTAL PROCEDURES* 

RESULTS 

Expression of the Rat Pyruvate Kinase LIChloramphenicol 
Acetyltransferase Fusion Gene in Primary Cultured Hepato- 
cytes-We used electroporation for DNA transfection because 
of a report that DNA can be introduced into primary rat 
hepatocytes by electroporation but not with calcium phos- 
phate or DEAE-dextran (28). When the cells were suspended 
in Dulbecco’s phosphate-buffered saline (-), the highest 
transfection efficiency was achieved with a single voltage 
pulse of 250-300 V at 960 rF. We also found that this buffer 
gave better results than the buffer described by Chu et al. 
(21). To investigate the regulatory region of the rat PKL gene, 
we constructed pLcat3200, which contains a fragment from 
approximately nucleotide -3200 to +37 relative to the tran- 
scription start site of the L-type isozyme. A series of 5’- 
deletion mutants of this fusion gene were also constructed. 
These plasmids were introduced into freshly isolated hepato- 
cytes by electroporation and transient expression of CAT 
activity was determined. pUC2cat and pUCOcat were used as 
positive and negative controls, respectively. The results are 
shown in Fig. 1. The CAT activity of hepatocytes transfected 
with pLcat3200 was about 70% of that of cells transfected 
with pUC2cat. This indicates that strong promoter activity is 
present in the 3.2-kilobase upstream region. 5’-Deletions up 
to -280 caused only minor change in activity, but further 
deletion up to -190 resulted in considerable increase in pro- 
moter activity, suggesting the existence of an inhibitory ele- 
ment in the region from -279 to -190. Progressive deletion 
from -189 to -63 caused progressive decrease in activity. The 
largest reduction in activity was obtained by deletion from 
-189 to -153 followed by those from -94 to -63 and -152 
to -95. Deletion up to -63 resulted in almost complete loss 
of activity. pRcat2700 containing the promoter region and the 
cap site of the R-type isozyme did not show any activity in 
hepatocytes. These results suggest that multiple &-acting 
elements involved in regulation of transcription of the L-type 
isozyme are present in the 5’-flanking region from position 
-279 to -63. The results also indicate that the promoter 
region of the R-type isozyme is not active in hepatocytes in 
which this isozyme is not expressed. 

Identification of &Acting Elements of the Pyruvate Kinase 
L Gene-We focused attention on positive regulatory ele- 
ments between -189 and -63 because this region is most 
important for expression of the L-type isozyme in hepato- 
cytes. Analysis of the nucleotide sequence of this region 
revealed the presence of a sequence homologous to the LF- 
Bl-binding site (13) between -94 and -63. Therefore, we 
analyzed the positive regulatory region by dividing the se- 
quence into two regions of -189 to -95 and -94 to -63, 
which we named the distal and proximal regions, respectively. 

First, we constructed pLcat74 to analyze the proximal re- 
gion in detail (Fig. 2A). When pLcat74 was transfected into 

’ Portions of this paper (including “Experimental Procedures” and 
Table I) are presented in miniprint at the end of this paper. Miniprint 
is easily read with the aid of a standard magnifying glass. Full size 
photocopies are included in the microfilm edition of the Journal that 
is available from Waverly Press. 
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FIG. 1. Expression of 5’-deletion mutants of the PKL/CAT 
fusion gene in hepatocytes and HeLa cells. The series of 5’- 
deletion constructs shown on the left were transfected into hepato- 
cytes (A) and HeLa cells (B), and CAT activities were determined 
after 48 h. The 5’-end points of the PKL gene in the constructs are 
indicated in base pairs relative to the transcription initiation site for 
the L-type pyruvate kinase. The numbers in parentheses for 
pRcat2700 show positions relative to the cap site of the R-type 
isozyme. The relative CAT activities of the deletion constructs are 
expressed as percentages of that of pUC2cat. Experiments on each 
plasmid were repeated at least three times with essentially the same 
results. Representative results are shown. Exon Rand exon L indicate 
the exons specific for R-type and L-type pyruvate kinase, respectively. 
CM, chloramphenicol; AC-CM, its acetylated products. 

hepatocytes, no CAT expression was detected, suggesting that 
the sequence between -94 and -75 may be responsible for 
the activity in the proximal region. To examine this possibil- 
ity, we inserted a synthetic double-stranded oligonucleotide 
containing nucleotide -94 to -76 into pLcat62’ and trans- 
fected the resultant plasmid into hepatocytes. The activity of 
this construct was comparable to that of pLcat94 (Fig. 2A). 
Thus the region from -94 to -76 is one of the regulatory 
elements required for expression of the PKL gene in hepato- 
cytes. We named this region PKL-I. 

Next, we analyzed the distal region (-189 to -95). To 
determine the 5’-end of this region, we inserted fragments of 
-1851-95, -170/-95, and -1551-95 into pLcat94 in the 
sense orientation, and transfected the resultant plasmids into 
hepatocytes. As shown in Fig. 2B, constructs containing 
-185/-95 and -170/-95 showed high CAT activity compa- 
rable to that with pLcatl89. However, the CAT activity of 
the construct containing -155/-95 had much lower activity. 
Then, we inserted fragments of -170/-126 and -170/-139 
into pLcat94 to examine the 3’-end of the distal region. A 
construct containing a -170/-126 fragment was as active as 
pLcatl89 in hepatocytes (Fig. 2C). The -170/-139 fragment 
also enhanced the CAT activity of pLcat94, but less than the 
-170/-126 fragment. These results indicated that the fully 
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FIG. 2. Identification of the proximal (A) and distal (B and 
CJ regulatory regions of the PKL gene. The PKL/CAT fusion 
genes shown on the left were transfected into hepatocytes and CAT 
activities were determined after 48 h. A single copy of synthetic 
double-stranded oligonucleotide between -94 and -76 was inserted 
into pLcat62’ in the sense orientation (A). Various fragments of the 
PKL gene with the 5’- (B) or 3’- (C) deletions shown on the left were 
inserted into pLcat94 in the sense orientation, and the resultant 
plasmids were transfected into hepatocytes. Experiments on each 
plasmid were repeated at least three times with essentially the same 
results. Representative results are shown. CM, chloramphenicol; Ac- 
CM, its acetylated products. 

active distal region of the PKL gene is located between -170 
and -126. We named this region PKL-D. Two noteworthy 
sequences are present in PKL-D. One is located between 
nucleotides -170 and -150 and the other between -149 and 
-126. The former region contains a palindrome sequence 
which is similar to the MLTF binding sequence of the rat y- 
fibrinogen gene (16). We named this region PKL-III. On the 
other hand, the latter region is similar to the LF-Al binding 
sequence of the human cY1-antitrypsin gene (13). We named 
this region PKL-II. 

So, we examined whether these two elements in the distal 
region are distinct, or whether they interact with each other 
or with PKL-I. For this, we synthesized double-stranded 
oligonucleotides of PKL-I, PKL-II, PKL-III, and PKL-D (L- 
II + L-III), ligated them into pLcat62’ separately or in various 
combinations and transfected them into hepatocytes. Of the 
three elements, only L-I caused significant increase in CAT 
activity (more than lo-fold) in either orientation when ligated 
alone (Fig. 3). The activity of L-I was synergistically enhanced 
by ligation of L-II in the same orientation, but not in the 
opposite orientation or by ligation of L-III. This enhanced 
activity of L-I + L-II was further increased synergistically by 
addition of L-III in the same orientation, but not in the 
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FIG. 3. Identification and interaction of three cis-acting ele- 
ments of the PKL gene. A single copy of each double-stranded 
oligonucleotide was ligated to pLcat62’ in the orientation shown by 
arrows on the left, which is the 5’ to 3’ direction. The plasmids were 
transfected into hepatocytes and CAT activities were determined 
after 48 h. The relative activities of the constructs are expressed as 
percentages of that of pLcatl89. Data are the mean k SE. for three 
independent experiments. 

opposite orientation. Change in the orientation of L-II in this 
construct (L-I + L-II + L-III in the same orientation) also 
resulted in marked decrease in the activity. When both L-II 
and L-III in the same orientation were ligated into pLcat62’ 
or L-I-pLcat62’ in either orientation, significant enhance- 
ment of CAT activity was observed. These results indicate 
that PKL-II and PKL-III are independent functional ele- 
ments that interact synergistically with each other, and that 
L-I also interacts synergistically with L-II, but not L-III. 

Characterization of &-Acting Regions of the Pyruvate Ki- 
nase L Gene-First, we examined whether the regulatory 
regions of the PKL gene interact with heterologous promoters. 
When a -185/-63 fragment containing all three elements 
was inserted upstream or downstream of pUClcat containing 
the SV40 early promoter, the resulting constructs showed 
much higher CAT activity than the original pUClcat (Fig. 4, 
A and B). We also tested another heterologous promoter with 
pMcat0.2 which contains the promoter region of the rat 
pyruvate kinase M gene. This plasmid showed activity in 
dRLh-84 cells, which express only the M&pe isozyme of 
pyruvate kinase (data not shown), but expressed essentially 
no CAT activity in hepatocytes (Fig. 4C). When the -1851 
-63 fragment was inserted upstream of the pMcat0.2 in the 
antisense orientation, CAT activity was markedly enhanced. 
These results indicate that the whole regulatory region of the 
PKL gene can enhance the heterologous promoter activity 
and that its effect is not dependent on its position or orien- 
tation. 

Second, to examine whether the regulatory elements of the 
PKL gene show cell-type specificity, the deletion mutants 
were transfected into HeLa cells (Fig. 1). In HeLa cells, which 
express no L-type isozyme, all transfected plasmids were 
essentially inactive. We obtained similar results in K562 cells, 
which express the R- and M&pes isozymes but not the L- 
type isozyme (data not shown). Thus, we conclude that the 
regulatory elements of the PKL gene show cell-type specific- 
ity. 
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FIG. 4. Interaction of the regulatory regions with heterol- 
ogous promoter. The -63/-185 fragment was inserted upstream 
(A) or downstream (B) of pUClcat, or upstream of pMcat0.2 (C) in 
the orientation shown by the arrow, which is the 5’ to 3’ direction. 
The plasmids were transfected into hepatocytes and CAT activities 
were determined after 48 h. The activity is shown as a percentage of 
that of pUClcat in A and B, and as a percentage of that of the most 
active plasmid in C because pMcat0.2 showed essentially no activity. 
Hack and hatched boxes indicate the promoter regions from the SV40 
and pyruvate kinase M gene, respectively. The directions of transcrip- 
tion are shown by arrows. CM, chloramphenicol; AC-CM, its acety- 
lated products. 

L- I 

FIG. 5. Gel retardation assay with labeled L-I oligonucleo- 
tide. Samples of 0.1 ng of labeled L-I oligonucleotide were incubated 
with 0.4 pg of E. coli extract expressing LF-Bl. The species and molar 
ratios of competitor DNAs are indicated at the top. AL& human 
albumin gene promoter region. 

Interaction of Regulatory Elements with trans-Acting Fac- 
tors-To identify the trans-acting factors that bind to the 
three &-acting elements of the PKL gene, we carried out gel 
retardation assays. First, we analyzed the L-I region, which 
contains a homologous sequence to the LF-Bl-binding site. 
Proteins extracted from Escherichia coli cells transformed by 
the procaryotic expression vector with or without LF-Bl 
cDNA3 were used for the assays. The band of L-I bound to 
protein was observed by incubation with the extract contain- 
ing LF-Bl (Fig. 5) but not with the extract without it (data 
not shown). The retarded band disappeared on addition of 
200-fold excess of 








