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Transcription from the human asparagine synthetase (A.S.) gene is
increased in response to either amino acid (amino acid response)
or glucose (endoplasmic reticulum stress response) deprivation.
These two independent nutrient-sensing pathways converge on the
same set of genomic cis-elements, referred to as nutrient sensing-
response elements (NSREs) 1 and 2, within the A.S. promoter.
The present report uses single-nucleotide mutagenesis to confirm
that both NSRE-1 and NSRE-2 are absolutely required for gene
activation and to identify the boundaries of each binding site. The
core sequence of the NSRE-1 site is contained within nucleo-
tides —68 to — 60 and the NSRE-2 core sequence is within
nucleotides —48 to —43. Through insertion or deletion of
5-10 nucleotides in the intervening sequence between NSRE-1
and NSRE-2, transient transfection studies with an A.S. promoter/
reporter gene construct showed that the 11 bp distance between

these two elements is critical. These results document that the
optimal configuration is with both binding sites on the same side
of the DNA helix, only one helical turn away from each other and
the data provide support for the hypothesis that a larger multi-
protein complex exists between the binding proteins for NSRE-1
and NSRE-2. The data also illustrate that the combination of
NSRE-1 and NSRE-2, referred to as the nutrient-sensing response
unit (NSRU), has enhancer activity in that it functions in an orien-
tation- and position-independent manner, and conveys nutrient-
dependent transcriptional control to a heterologous promoter.

Key words: amino acid, endoplasmic reticulum stress response,
gene expression, metabolite control, transcription, unfolded
protein response.

INTRODUCTION

A number of cellular activities are increased following amino
acid deprivation [1,2], and among these is asparagine synthetase
(A.S.), which catalyses the glutamine- and ATP-dependent
conversion of aspartic acid to asparagine. Decades ago, Arfin and
colleagues [3,4] showed that amino acid starvation of Chinese
hamster ovary cells decreased the level of asparaginyl-tRNAA™
with a concurrent increase in A.S. enzymic activity. Since then,
it has been documented that deprivation of mammalian cells for
any individual essential amino acid causes increased transcription
of the A.S. gene [5,6], illustrating that the associated sensing
mechanism, the amino acid-response (AAR) pathway, broadly
detects amino acid limitation [5-7].

Guerrini et al. [8] identified a region from nt —70 to — 62
within the human A.S. promoter that functioned as an amino acid-
response element. More recently, Barbosa-Tessmann et al. [9—11]
have demonstrated that transcription from the human A.S. gene
is also induced by glucose deprivation, and that this activation is
mediated by the endoplasmic reticulum stress response (ERSR),
also known as the unfolded protein response (‘UPR’) pathway
in yeast [12]. In vivo footprinting, limited mutagenesis and
electrophoretic mobility-shift assay (EMSA) results showed that
the region first identified by Guerrini et al. [8] is also responsible
for the induction of the A.S. transcription following activation
of the ERSR pathway [11]. The ERSR activation demonstrates
that this A.S. promoter element serves in a broader capacity than
simply as an amino acid-response element and, to reflect this
broader substrate-detecting capability, this sequence is referred
to as the nutrient-sensing response element-1 (NSRE-1) [11].

Further promoter analysis indicated that a second sequence,
11 nucleotides downstream from NSRE-1, is also required for
activation by both the AAR and the ERSR pathways. This
sequence is referred to as the NSRE-2 site, and, to underscore
the collective function of these two sequences as a unit, the term
nutrient-sensing response unit (NSRU) has been coined.

The data presented in this report provide characterization
of the NSRU. The results of single-nucleotide mutagenesis define
the boundaries of the NSRE-1 and NSRE-2 elements and other
promoter constructs show that the NSRU functions as an enhancer
element in that it mediates activation of the A.S. gene when present
in either orientation and regardless of location, including when
present downstream of the transcription start site in an intron.
The 5'-to-3' relationship and the distance between previously
identified [13] upstream GC-rich sequences and the NSRU are not
critical. On the other hand, the sequential order of the NSRE-1 and
NSRE-2, that is NSRE-1 located 5" to the NSRE-2, is required
and their order cannot be reversed. The A.S. promoter region
bounded by NSRE-1 and NSRE-2, including the 11 bp inter-
vening sequence between them, is highly conserved across
mammalian species and the distance between NSRE-1 and NSRE-
2 cannot be altered substantially in length.

MATERIALS AND METHODS
Cell culture

Human hepatoma HepG2 cells were cultured in minimal essential
medium (MEM) pH 7.4, supplemented to contain 25 mM

Abbreviations used: AAR, amino acid response; A.S., asparagine synthetase; NSRE, nutrient-sensing response element; NSRU, nutrient-sensing
response unit; EMSA, electrophoretic mobility-shift assay; ERSR, endoplasmic reticulum stress response; G.H., growth hormone; MEM, minimal essential
medium; ATF4, activating transcription factor 4; C/EBPB, CCAAT/enhancer-binding protein g; TK, thymidine kinase.
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NaHCO;, 4 mM glutamine, 10 pug/ml streptomycin sulphate,
100 pg/ml penicillin G, 28.4 pg/ml gentamycin, 0.023 pg/ml
N-butyl-p-hydroxybenzoate, 0.2 % (w/v) BSA and 10 % (v/v)
fetal bovine serum. Cells were maintained at 37 °Cina 5 % CO,/
95 % air incubator.

Transient transfection

To test the transcriptional capability of individual promoter
constructs, a batch-transfection protocol was performed using a
growth hormone (G.H.) reporter gene, as described previously
[10]. Use of the pOGH vector, which contains the entire G.H.
gene (including introns) as a reporter [14], and the construct
containing the A.S. promoter fragment of nt —173/4 51, have
been described previously [9,11]. The HepG2 cells were seeded on
60 mm dishes (2.6 x 10° cells) 24 h before transfection. For each
transfection, 5 ug of the wild-type or mutated —173/4-51 A.S.
promoter fragment, linked to the G.H. reporter gene, was used
along with 5 ug of the co-transfection control plasmid, which
was the pcDNA3.1 vector containing the lacZ gene driven by the
cytomegalovirus promoter.

A batch-transfection technique was employed using HepG2
cells grown to about 75 % confluence. A ratio of 10 ug DNA/
60 ul of Superfect reagent (Qiagen, Hilden, Germany) per 2.6 x
10° cells/60 mm dish was constant in each transfection. A 10 ug
aliquot of DNA was incubated with 60 p1 of Superfect for 10 min
at room temperature in MEM alone. The MEM was removed, cells
washed once with PBS, and then incubated with the transfection
mixture for 3 hat 37 °Cin 5.0 ml of MEM containing fetal bovine
serum, BSA and antibiotics. After transfection, cells were washed
once with PBS, fresh culture medium was added and the cells
were cultured for 24 h. Each 60 mm dish of HepG2 cells was
then split into four 60 mm dishes, so that within each experiment
cells incubated in complete MEM, MEM lacking glucose or MEM
lacking histidine came from the same transfected cell population.
After transfection (24 h) the cells were divided one to four and
then after another 24 h of culture the cells were transferred to
fresh complete MEM, glucose-free MEM or histidine-free MEM
for 1618 h, each supplemented with 10 % dialysed fetal bovine
serum. Using this batch-transfection protocol, cells exposed
to the two different medium conditions arose from the same
initial transfection dish, thus eliminating transfection efficiency
as a variable in the starvation response [10]. Each experiment
was repeated with multiple batches of cells. When three or
more independent transfections were performed, the data were
evaluated statistically and are reported as means + S.E.M. Total
cellular RNA was isolated using an RNeasy Mini Kit according
to the procedure described by the supplier (Qiagen, Valencia, CA,
U.S.A.). *P-Radiolabelled cDNA probe synthesis for G.H. and
lacZ, as well as the Northern analysis protocol, were performed
as described previously [15].

Sequence alignment

The proximal promoter sequences for the mouse, rat, hamster and
humanA.S. genes were aligned using the ClustalW software avail-
able at http://www.ch.embnet.org/software/Clustal W.html and the
output was generated with Boxshade Software (version 3.21)
available at http://www.ch.embnet.org/software/BOX_form.html.
The GenBank accession numbers used to obtain the sequences
were: mouse, AF262321; rat, NW_043740; hamster, M27838;
and human, AF239815.
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RESULTS
Defining the NSRE-1 and NSRE-2 boundaries

During a previous investigation, dimethyl sulphate in vivo
footprinting had documented that the human A.S. promoter region
immediately upstream of the major transcription start site contains
six putative protein-binding sites [11]. Of these six sites, the five
that contribute to nutrient control of the human A.S. gene are
shown in Figure 1: three GC boxes (GC-I, GC-II and GC-III)
and two NSREs (NSRE-1 and -2). The three GC boxes serve to
maintain the level of basal transcription and to permit maximal
activation of the A.S. gene following amino acid or glucose
limitation [13]. For the other two regulatory sites identified by
in vivo footprinting, NSRE-1 and NSRE-2, protein binding was
enhanced in response to activation of either the AAR or ERSR
pathways. However, the exact boundaries and the core sequence
of the NSRE-1 and NSRE-2 sites have not been established. The
first 150 bp of the human A.S. promoter sequence was used to
align homologous sequences from the A.S. promoter regions of
the mouse, rat and hamster (Figure 1B). As shown by the capital
letters in the consensus sequence, there was a high degree of
identity within all four species for the GC-II and G-III sites,
but less so for GC-I. The core sequences (as established by the
mutagenesis described below) of both NSRE-1 and NSRE-2 are
completely identical across these four species, and interestingly
so is the intervening 11 bp sequence (Figure 1B). In contrast, the
flanking sequence on either side of the NSRU was not as highly
conserved.

To define the boundaries of the NSRU and to establish the core
nucleotides for NSRE-1 and NSRE-2, single-nucleotide muta-
genesis was performed across the entire region of these two
sites in the context of the —173/4+51 A.S. promoter—G.H.
reporter construct. Transcription was assayed following transient
transfection and subsequent incubation of the cells in MEM,
MEM lacking histidine or MEM lacking glucose (Figure 2).
For many of the nucleotides only a single mutant was prepared
but, after the first round of mutagenesis, to better define the
apparent edges of the NSRE-1 and NSRE-2 core sequence, both
transition and transversion mutations were made. The set of
mutations that best defined the boundaries are shown in Figure 2.
The percentage inhibition caused by mutation of individual
nucleotides within NSRE-1 or NSRE-2 was sometimes slightly
different depending on whether basal or starvation-activated
transcription was assayed. These variations may reflect different
proteins bound in fed versus starved states, but given that
mutagenesis of each nucleotide within the two binding sites
suppressed both basal and activated transcription to some degree,
inhibition under either condition was seen as indicative of a
contribution and was used to define the ‘core sequence’. The
‘core’ nucleotides for the NSRE-1 site are 5'-TGATGAAAC-3'
(nt —68 to — 60), and for the NSRE-2 site the core element is
5'-GTTACA-3' (nt —48to —43). The A.S. NSRE-1 site has been
documented to bind activating transcription factor 4 (ATF4) [16]
and CCA AT/enhancer-binding protein 8 (C/EBPS) [17], whereas
the binding proteins for NSRE-2 have yet to be identified. In
addition to amino acid limitation (i.e. histidine), the involvement
of individual nucleotides within the NSRE-1 and NSRE-2 sites
was confirmed by testing the effect of each of the mutants
following activation of the ERSR by glucose deprivation.

The NSRU is orientation-independent

To characterize the function of the NSRU in more detail, one or
two copies (nt —75 to — 35), in either the forward or reverse
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Hamster AG-GTAAGARGCA--GTCCTCTGCTCC

Human AGCGCCAGCGGCCTCGCCGCCCG-TCA

COonsensus AG G aga Goc GaC TCc

Figure 1 The proximal promoter sequence of the human A.S. gene

(R) The five A.S. promoter protein-binding sites shown contribute to nutrient control of transcription [11]. As measured by either in vivo footprinting or by in vitro EMSA, protein binding at all three
GC boxes was unchanged in control and nutrient-deprived cells, whereas protein binding at NSRE-1 and NSRE-2 was enhanced by activation of either the AAR or the ERSR pathways. The shaded
boxes show the boundaries of NSRE-1 and NSRE-2 based on the single-nucleotide mutagenesis shown in Figure 2. The NSRU-containing sequence, from nt — 75to — 35, was used as a cassette
in a number of experiments described in the remainder of this report. (B) The alignment of 5" upstream regions of the mouse, rat, hamster and human A.S. genes is shown. The GenBank accession
numbers are given in the Materials and methods section. The sequences were aligned and the output formatted as described in the Materials and methods section. Those sites for which the aligned
nucleotide was identical in all four species are shown in the consensus sequence as capital letters, whereas if three of the four were identical the nucleotide is shown as a lower-case letter. The five

cis-elements known to contribute to nutrient-regulated transcription are underlined and labelled.

direction, were inserted in front of the minimal thymidine
kinase (TK)-promoter-driven G.H. reporter gene (Figure 3).
The TK promoter alone exhibited no amino acid-dependent
transcription and, conversely, the NSRU sequence in the absence
of the TK promoter exhibited no significant degree of regulated
transcriptional activity. However, coupling the TK promoter with
one copy of NSRU, either in the forward or reverse orientation,
resulted in regulated transcription such that the G.H. mRNA
content was increased about 14 or 15 times the control value
following histidine deprivation (Figure 3). The presence of two

copies of the NSRU resulted in slightly greater transcriptional
activity (24 times the control) when present in the forward
direction, but was essentially the same as a single copy in the
reverse orientation.

The NSRU is position-independent

To investigate the spatial relationship between the GC-rich
sequences (GC-III in particular) and the NSRU, the original
NSRE-1 and NSRE-2 sequences were rendered non-functional

© 2003 Biochemical Society
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Figure 2 Boundaries of the NSRE-1 and NSRE-2 regulatory sites defined by single-nucleotide mutagenesis

Mutagenesis and transient expression of the A.S. —173/+ 51 promoter linked to the G.H. reporter gene was performed as described by Barbosa-Tessmann et al. [11]. Transfected HepG2 cells were
incubated for 18 in complete MEM (top panel), MEM lacking histidine (middle panel) or MEM lacking glucose (bottom panel), prior to isolation of RNA and subsequent G.H. mRNA analysis by
Northern blotting. The first line of nucleotide sequence represents the wild-type A.S. promoter sequence (WT), whereas the second line shows the mutations tested. The base pairs near the edges of
the NSRE-1 and NSRE-2 sites were changed to more than one nucleotide to better define these boundaries, but the graphs depict the results from the mutations indicated in the second line. The data

are presented as percentages of control values obtained with the wild-type sequence.

by mutagenesis and one or two copies of the NSRU were placed
between the GC-II and GC-III within the context of the A.S.
genomic fragment containing nt —173/4 51 (Figure 4). Previous
studies showed that promoter deletion constructs lacking the GC-I
and GC-II sites, but retaining the GC-II site, yielded transcription
rates nearly equal to those constructs containing all three GC-rich
elements [13]. In the native A.S. gene there are about 30—40 bp
between the GC-III site and the NSRU (Figure 1). The present
experiments were designed to determine whether the NSRU is
still functional when placed 5 to the GC-III site, testing whether
or not the sequential order of GC-III and NSRU is critical and
if the distance between the GC-rich sequences and the NSRU is
important. Mutation of the original NSRU significantly reduced
basal transcription and completely prevented the amino acid-
regulated transcription (Figure 4). The basal transcription rate
was different depending on the number of NSRU copies inserted.
One copy of NSRU resulted in a substantially lower basal rate
relative to the wild-type A.S. promoter, whereas two copies
returned the basal rate to a level nearly equal to that of the control.
With regard to the fold-induction of transcription following

© 2003 Biochemical Society

histidine deprivation, either one or two NSRU copies were equally
effective (Figure 4).

The G.H. reporter plasmid (pOGH) contains the entire G.H.
gene [14]. To test whether or not the NSRU could function at
a position downstream from its original site and, in fact, at a
location 3’ to the transcription start site, the NSRU was inserted
at nt + 108, a location within the first intron of the G.H. reporter
gene. Although the basal rates remained lower than the wild-type
genomic fragment when either one or two copies of the NSRU was
placed downstream, the induction following histidine limitation
was even greater than the control (Figure 4). The presence of two
copies of the NSRU within the G.H. intron was somewhat more
effective than a single copy in mediating the induced transcription
following histidine limitation.

Spacing between NSRE-1 and NSRE-2 is critical

There are 11 bp between NSRE-1 and NSRE-2, indicating that
these two sites are aligned on the same side of the DNA helix.



Nutrient control of the human asparagine synthetase gene 607

TK only
NSRU only
1X Pwd
1X Rev
2X Fwd
2X Rev
TK only
NSRU only
1X Fwd
1X Rev
2X Fwd
2X Rev

i

G.H.

LacZ (g
I

|

MEM MEM - His

‘g 6F O mem 24X 5
S 5L [® mem-Hs * 4
N T
o ak 15X 10X |
. | *k b
z 4] 14X |
w w
o
2z 2} E
5
e 1}F A

e |

“é‘ ‘*\ _ﬁ‘l 6}‘ _e,"- 5

5] ¥ <& £ <&

§ Lo SFSESE ST
‘i"&-ﬂs ee"'o'&l:' ig:g“& g-cg-c}@' #P‘? ,:f-”q'.:f
LD L § Q £ &9 §

& +00Q N ,,-“r&*Q V& ar 133

Figure 3 The NSRU is orientation-independent

HepG2 cells were transfected with the constructs indicated and in the manner described in
the Materials and methods section. After 48 h, the cells were then incubated for 18 h in either
complete MEM or MEM lacking histidine (—His) prior to RNA isolation and analysis for G.H.
or LacZ mRNA by Northern blotting (upper panel). As indicated, the NSRU sequence (nt — 75
to —35) was placed into the G.H. reporter plasmid lacking a promoter (pOGH) or placed
immediately upstream of the minimal TK promoter (pTKGH) linked to the G.H. reporter gene
[14]. The NSRU sequence was present in either one or two copies and either in the forward
(Fw) or reverse (Rev) orientation. The quantification of the G.H. mRNA was normalized to the
LacZ mRNA content (lower panel) as a co-transfection control and gel loading was evaluated
by ribosomal RNA. Most bars represent means from three independent experiments and S.E.M.
values are shown, whereas those bars without S.E.M. are means from two experiments. The
starvation-dependent induction relative to the MEM value is shown above each of the NSRU
constructs and the asterisks indicate statistical significance (*P < 0.05, **P < 0.005).

This arrangement may prove important to permit a protein
complex to be formed between the factors bound at each
of the sites. To directly test the importance of the spatial
relationship between NSRE-1 and NSRE-2, the distance between
the two elements was either increased or decreased (Figure 5).
Relative to the wild-type sequence, deletion of the 5bp from
either the 5 (Figure 5, construct no. 2) or the 3’ (Figure 5,
construct no. 3) end of the 11 bp intervening region resulted
in a strong inhibition of starvation-dependent activation of
transcription. Doing the converse, insertion of 5 nt to extend
the intervening region to 16 bp, by duplication of either the 5’
or 3’ ends of the intervening region, also resulted in suppression
of the transcriptional activation by histidine limitation (Figure 5,
constructs 4 and 5). To determine if placement of the two binding
sites on the same side of the helix, but separated by two turns of
DNA instead of one, was detrimental, insertion of 10 bp within
the intervening region was tested (Figure 5, construct no. 6). Once
again, a nearly complete loss of nutrient-regulated transcription
was observed. Collectively, the results indicate that the distance
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Figure 4 Function of the NSRU is position-independent

HepG2 cells were transfected with the indicated construct, cultured for 48 h, and then incubated
for 18 h in complete MEM or MEM lacking histidine (-His), as described in the Materials
and methods section. The transcriptional rate for each construct was measured by Northern
analysis for the G.H. mRNA content (upper panel). The G.H. reporter expression was driven by
the wild-type (Wt) A.S. —173/+ 51 sequence as a positive control or that same sequence with
mutations (those shown in Figure 2 were used) in both the NSRE-1 (nt — 64) and NSRE-2
(nt — 44) to suppress the induction following amino acid limitation. This A.S. —173/+ 51
promoter construct with the original NSRU doubly mutated was then used to place one or two
functional copies of the NSRU sequence (nt — 75/ — 35) at nt — 112 of the A.S. promoter
region (between GC-Il and GC-IIl, see Figure 1A) or at nt + 108 of the G.H. reporter gene
(nt 4108 is in the first intron). The quantification of the G.H. mRNA was normalized to the
LacZ mRNA content as a co-transfection control and gel loading was evaluated by rRNA
(lower panel). Bars represent means from three independent experiments and the S.E.M.
is shown. The starvation-dependent induction relative to the MEM value is shown above
each of the NSRU constructs and the asterisks indicate statistical significance (*P < 0.05,
**P < 0.005).

between NSRE-1 and NSRE-2, one turn of DNA, is absolutely
critical for the NSRU to function effectively. Interestingly, when
the distance between NSRE-1 and NSRE-2 was kept constant
(11bp), but the order of the two elements was reversed,
that is NSRE-2 was placed 5’ to NSRE-1, starvation-induced
transcription was also prevented (Figure 5, construct no. 7). These
data provide further evidence that spatial orientation of the two
elements is essential for regulatory function.

DISCUSSION

The data presented in this report provide further characterization
of a unique nutrient-sensing genomic unit that mediates trans-
criptional activation of the human A.S. gene in response to
both amino acid deprivation and ER stress. This genomic unit,
referred to as the NSRU, comprises two distinct but inter-
dependent cis-elements, NSRE-1 and NSRE-2, and a highly
conserved intervening sequence. The results described establish

© 2003 Biochemical Society
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Construct Number

1 Wild Type:
CAGGCATGATGAAACTTCCCGCACGCGTTACAGGAGCC
NSRE-1 NSRE-2
2 Delete - 5 spacer 5-nt:
CAGGCATGATGAAACT CACGCGTTACAGGAGCC
NSRE-1 NSRE-2
3 Delete - 3’ spacer 5-nt:
CAGGCATGATGAAACTTCCC CGTTACAGGAGCC
NSRE-1 NSRE-2

4 Insert - 5 spacer 5-nt:
CAGGCATGATGAAACTTCCCITCCCGCACGCGTTACAGGAGCC
NSRE-1 NSRE-2

5 Insert- 3 'spacer 5-nt:
CAGGCATGATGAAACTTCCCGCACGCCACGCGTTACAGGAGCC
NSRE-1 NSRE-2

6 Insert 10-nt spacer:
CAGGCATGATGAAACTTCCCGCACGCTCCCGCACGCGTTACAGGAGC
NSRE-1 NSRE-2

7 Reverse order:
ACGCGTTACAGGAGCGCCAGGCATGATGAAACTTCC
NSRE-2 NSRE-1

Figure 5 The spatial relationship between NSRE-1 and NSRE-2 is critical

HepG2 cells were transfected with the indicated A.S. promoter—G.H. reporter construct, cultured
for 48h, and then incubated for 18 h in complete MEM or MEM lacking histidine (<His), as
described in the Materials and methods section. The 11 bp distance between NSRE-1 and
NSRE-2 was decreased as indicated (lower panel) by deletion of the five nucleotides at either
the 5’ (construct no. 2) or 3" (construct no. 3) end of the 11 bp sequence. Conversely, the
intervening sequence was increased in length by inserting a duplicate 5-nt sequence of either
the 5’ (construct no. 4) or 3’ (construct no. 5) end or by duplicating 10 bp (construct no.
6) of the 11 bp sequence. A construct (construct no. 7) was also tested that contained an
11 bp intervening sequence, but the order of NSRE-1 and NSRE-2 was switched such that the
NSRE-2 site was 5’ to the NSRE-1 site. The transcriptional rate for each A.S. promoter construct
was measured by Northern analysis for the G.H. reporter (upper panel). The bars with S.E.M.
represent means from of three independent experiments, whereas bars without S.E.M. show
means from two experiments.

the following properties with regard to this regulatory unit. (i)
Single-nucleotide mutagenesis throughout the region of the NSRU
defined the boundaries and the core sequence of the NSRE-1
and NSRE-2 elements. (ii) The NSRU functions as an enhancer
element in that it mediates activation of the A.S. gene when present
in either orientation and regardless of location, including when
present in an intron. (iii) The sequential order of, and therefore
the distance between, the NSRU and the upstream GC-III
sequence is not critical. (iv) The sequential order of NSRE-1
and NSRE-2, within the NSRU, is critical and cannot be re-
versed, nor can the distance between NSRE-1 and NSRE-2 be
substantially altered in length. (v) The region bounded by NSRE-1
and NSRE-2, including the intervening sequence between them,
is highly conserved across mammalian species.
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In previous studies, a few selected nucleotides within the
NSRU region had been mutated to support in vivo footprinting
results and to test whether or not both NSRE-1 and NSRE-2
were required for induction of the A.S. gene following nutrient
deprivation [11]. The data presented here significantly extend
those initial observations by performing site-directed mutagenesis
on each base pair within the A.S. promoter from nt —74 to
— 37, aregion that encompasses both cis-elements that make up
the NSRU, as well as approximately 6 bp on either side of the
NSRU. These results demonstrate that the core sequence of
NSRE-1 is represented by nt — 68 to — 60 (5'-TGATGAAAC-3')
and the NSRE-2 core sequence is from nt —48 to nt —43
(5'-GTTACA-3). Mutagenesis of the individual nucleotides
across the 11 bp intervening sequence did not result in blockade
of either basal or nutrient-regulated transcription. This result is
interesting given the absolute conservation of these 11 nucleotides
in the mouse, rat, hamster and human genomes. A similar theme
is observed in the tripartite promoter regulatory sequence, two
distinct cis-elements separated by 9 bp of intervening sequence
(5'-CCAATN,CCACG-3'), that mediates the mammalian ERSR
for genes such a GRP78 and other ERSR-induced molecular
chaperones [18]. In this instance, TFII-I has been shown to bind to
the 9 bp spacer region [19]. Although in vivo footprinting did not
reveal a significant level of protein binding to the A.S. NSRU
intervening sequence, given the high degree of conservation
across species it will not be surprising if future studies reveal a
contribution of this sequence to formation of the complete NSRU
protein complex.

The NSRU functions as an enhancer element. Reversing the
orientation of the complete NSRU (nt — 75 to — 35) resulted in
full retention of the amino acid-regulated transcription, although
reversing the order of the NSRE-1 and NSRE-2 sites within
the NSRU completely blocked its activity. In addition to being
orientation-independent, the NSRU is also location-independent,
even functioning when placed in the first intron of the G.H.
reporter gene. These experiments also revealed the interesting
observation that the order and distance between the last of three
GC boxes, known to be Sp1/Sp3-binding sites [13], and the NSRU
is not critical. The presence of the last one of these Sp1/Sp3-
binding sites, GC-III, contributes to both basal and regulated
transcription [13]. Although GC-III is approx. 40 bp upstream
of the NSRE-1 sequence in the native A.S. promoter, placing
the NSRU 5" to GC-III did not adversely effect the NSRU-
mediated induction of transcription following histidine limitation.
Collectively, these results indicate that the NSRU functions as an
enhancer and suggest that comparable nutrient-sensing regulatory
units in other genes may not be restricted to promoter locations.

The A.S. intervening region between the NSRE-1 and NSRE-2
binding sites is 11 bp in length, allowing for the proteins bound at
these two sites to be on the same side of the helix and, therefore,
possibly to form protein—protein interactions. The experiments
described here illustrate that this distance is critical for NSRU
function. However, just residing on the same side of the helix
does not appear to be sufficient. Adding an additional 10 bp
to the intervening region to retain the alignment of NSRE-1
and NSRE-2 on the same side of the helix, but now separated
by one additional turn of DNA, resulted in a complete loss of
nutrient-regulated transcription. This observation, along with the
absolute requirement for both NSRE-1 and NSRE-2, leads to
the speculation that the binding proteins at these two sites are
bridged by a larger protein complex.

Using extracts from HepG?2 hepatoma cells, proteins capable of
binding to the NSRE-1 site have been identified as ATF4 [16] and
C/EBPg [17], consistent with the designation of the highly related
sequence in the human chop gene as an ATF—C/EBP composite
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site [20] which serves as an amino acid-response element
[20]. Site-directed mutagenesis has identified the core sequence
of the amino acid-response element within the human Chop
promoter (5'-TGATGCAAT-3') and it differs from A.S. NSRE-1
by two nucleotides [21]. The binding proteins that correspond
to the A.S. NSRE-2 site have yet to be identified, but once this
is achieved experiments will be possible to test the hypothesis
that the 11 bp intervening sequence distance is a critical factor
that may permit a larger protein complex to form between the
NSRE-1 and NSRE-2 sites and possibly allow binding of bridging
proteins. The high degree of species conservation of the 11 bp
NSRU intervening sequence would certainly be consistent with
the proposal that it is a site for specific protein binding rather than
simply as a spacer to provide a given distance between NSRE-1
and NSRE-2.

In summary, the NSRU is a unique transcriptional control
mechanism that permits mammalian cells to respond to multiple
nutrient-sensing signal-transduction pathways. Further analysis
of the molecular basis for metabolite-induced gene expression via
the NSRU, and other genomic regulatory units like it, will provide
valuable insight into the mechanisms used by mammalian cells to
respond to their nutritional environment.
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