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transcription start point, and promoter analysis

Jae B. Park, Mark Levine *

Molecular and Clinical Nutrition Section, National Institute of Diabetes and Digestive and Kidney Diseases, Building 10, Room 4D/52,
MSC 1372, National Institutes of Health, Bethesda, MD 20892-1372, USA

Received 8 January 1997; accepted 12 April 1997; Received by J.L. Slightom

Abstract

A genomic clone for the human glutaredoxin gene was isolated and sequenced. An intron was located within the coding region
and began 211 nt downstream of the initiator codon. Except for this intron, the genomic sequence shares 100% identity to the
published glutaredoxin cDNA sequence. A second intron was located in the 3' UTR 6 bp downstream of the terminator codon.
The tsp of the glutaredoxin gene was determined by primer extension and confirmed by S1 mapping analysis. Analysis of the
5'-flanking region of the gene revealed that the promoter sequences TATA and CCAAT were 30 and 160 bp upstream, respectively,
from the zsp. Other potential transcription factor binding sites included NF-E1, HNF-5, P2II and AP-1. Glutaredoxin promoter
constructs inserted into a reporter plasmid for firefly luciferase were transfected into fibroblasts, and luciferase activity was
8-10-fold higher compared with controls lacking glutaredoxin promoter. These data indicate that the promoter region of the
isolated glutaredoxin gene is functional. © 1997 Elsevier Science B.V.
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1. Introduction

Glutaredoxin  (GRX)  (transhydrogenase  or
thioltransferase) (Racker, 1955), is a ubiquitous gluta-
thione-dependent cytosolic enzyme which catalyses
disulfide reduction (Bjornsted et al., 1994; Holmgren,
1978; Racker, 1955). GRX is heat-stable with an approx-
imate molecular mass of 11 kDa (Wells et al., 1993).
The protein, first isolated from yeast, has been charac-
terized in eubacteria, archaebacteria, and eukaryotes
(Wells et al., 1993, Holmgren, 1989). The defining
feature of all GRXs is their active site of cys—pro-tyr(-
phe)—cys. Human GRX is approximately 54% homolo-
gous to E. coli GRX, 46% homologous to yeast
(Saccharomyces cerevesiae) GRX, and 90% homologous
to porcine GRX (Holmgren, 1989; Wells et al., 1993).
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GRX is an alternative electron donor to ribonucleoside
diphosphate reductase in bacteria (Holmgren, 1976),
participates in deiodination of thyroxine to triiodothyro-
nine in mammalian liver (Goswami and Rosenberg,
1985), and catalyses the exchange reaction between thiol
and disulfide groups in E. coli (Luthman et al., 1979).
Isolated pig GRX was also reported to have dehydroasc-
orbic acid reducing activity (Wells et al., 1990).

Although the physiologic mechanism of dehydroasc-
orbic acid reduction in cells was unclear (Winkler et al.,
1994; Washko et al., 1993), GRX was recently shown
to be responsible for the majority of dehydroascorbic
acid reduction in normal human neutrophils (Park and
Levine, 1996). However, GRX was not detected in
neutrophil-like cell lines, and dehydroascorbic acid
reducing activity was at least 5-10-fold less in these cells
than in normal neutrophils (Park and Levine, 1996;
Washko et al., 1993). These data are consistent with
observations that expression of bovine GRX varies and
is tissue-dependent (Rozell et al., 1993).

Although GRX expression may be regulated, the
controlling mechanisms are unknown. Insights about
expression are dependent on knowledge of glutaredoxin
genomic DNA (GRX). However, no information about
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AAAAAGCTGCTTCTGGGAGTGGATTTCTTCCCTTCCCTTGATCGCAGTATGCTTGGATTC-1193

CTCTTACGTGGCAGTCGTGGTGTCCAGCTCTGCCTTGCCCCGCCTCTTTGAAGATACTCT-1133
SP1-1E
GGTTTCACCATAAAACTTCCTGGGGAAAGGATGATTCACGTTTAAAGGACGATAGTTTTT-1073

CCTTGATTTGTTTATTTAAGCTACCATACACTAGAGGGGGCCGGAACTAGACCCAGGAGT-1013

AGAGGACTTTGCTTTGCGGGATAAGGAGAATGGGCACCCTGGGAAGAGCGAAAGATTTCC -953
NF-E1-CS2 H-APF-1 RS
TACTGTTACAACCCGTGTCTTATAACACTTGAAGTGAATGTGGTGTCTGAGTTACAACAC -893

IBP-1 CS2
TACTTCCCCTCACAAACAGTTAAAAGCAGAGGGTCACARAACATAGGCTCAACCAGARAARA -833
HNF-5 HENF-5
AAGATTCTCATTTCATCTGTAGTTTTGTATCAAGGATTGTGTTGGAATTTGCCTCCATAT -773

TAAACTGCTGTTCAAGGGTTACCAACTCAAATGGTTATGGGGTGAAGCCGGTGTCTCAGG -713
P2II
CATGGGCCTGTCGTTGGGACCTGTGGCAAACCARMAGCCAAAGCCACTACTTGCCCTATAC -653
E-A_H_box CK-8mer CP-gamma-FBG
AAARGGGGGCAACAGCTGTCAGCCCCAGCAGCTTCCACTAAAAGGTGCAAGCTCTGTATTG -593
NFS-CS
CCCGACCTGACTTTTCAGAGAGAAGTTTTAAGTCCGAATTGTTTTGTGAGACCTCCAGAT -533
c-mos-DS2
TTTTAAATACTGAGAATGAATTCCATTAAAAAGATACACAACAACAAACACCCACCATAC -473
HNF-5
AGTCCAAGCAAAATGCTGTGAGAGCAACCTTCATGAGGAGTGCAAAGTCACAGTTTCAAT -413
Keratmocyte enhancer
TTCACTTCTTCTAAAGAGATTTCCAAGTGTTCTIGTITCTTAAGTGATTCTGTTTGCATTT -353
GR-uteroglobin.l INF.1 EHNF-5_CS
TAAAATACAACTGTATCTCCTAGAGGGAAAACAAGAATTTGCTCTAAGAAGTCTCTGCCT -293

CCI‘CAGCCCCTI'?‘;‘;S;(;‘?‘AAGCACI‘I’I‘ATGCTTCCCCAGAGGJEACIAAACTC’I’GATCA -233
'I"I‘GCCAA’I‘GGGCAGQQAQICCCCAAA’I‘GTCCAAGGACAACAAAE;;I;CCCAGAGTGTCW -173
TCATAGCTAQQA_&%E\%’E‘%AATAGCAAGIM’ITCCTGGGGg;;‘éCTAACTAGTGAA -113
G'I‘ATACCAGJCXA’IY’;:;AAA'!‘G‘I‘C‘I"I‘CGAAGC';gggéé%'I'I‘AAAACTCGAGCAAGCTACCAGGC -53
AAACTCCGCCTCCAGGGAGG'I'I‘CCEAIJ‘_AAATAGGAGCCAACTGGCTGGG';(JSGGGGCTC +8

AATACCCCAAGCAATACC‘I‘GCAACTG:S@:TI‘C’I‘I‘C CCGGGGAG%%%AGCCCATCGGC +67

ATGGCTCAAGAGTTTGTGAACTGCAAAATCCAGCCTGGGAAGGTGGTTGTGTTCATCAAG
METAlaGlnGluPheValAsnCysLysIleGlnProGlyLysValValvValPhellelLys

CCCACCTGCCCGTACTGCAGGAGGGCCCAAGAGATCCTCAGTCAATTGCCCATCAAACAA
ProThrCysProTyrCysArgArgAlaGlnGlulleLeuSerGlnLeuProlleLysGln

GGGCTTCTGGAATTTGTCGATATCACAGCCACCAACCACACTAACGAGATTCAAGATTAT
GlyLeuLeuGluPheValAspIleThrAlaThrAsnHisThrAsnGluIleGlnAspTyr

TTGCAACAGCTCACGGGAGCAAGAACGGT/gagtt. .. ... .. Intron (1.0 Kb)..
LeuGlnGlnLeuThrGlyAlaArgThrVal

........ taggt /GCCTCGAGTCTTTATTGGTAAAGATIGTATAGGCGGATGCAGTGAT
ProArgValPhelleGlyLysAspCysIleGlyGlyCysSerAsp

CTGGTCTCTTTGCAACAGAGTGGGGAACTGCTGACGCGGCTAAAGCAGATTGGAGCTCTG
LeuValSerLeuGlnGlnSerGlyGluLeuLeuThrArgLeulysGlnlleGlyAlaLleu

CAGTAACCACAG/gtgag. .. ............. Intron (2.2 kb)...........
Glnf e

. . .cacag/ATCTCATAGGAAATGTTCAACAATTCTGTGAAAGGTCACAGGACCCAATTG
GAGAAATCATATGAAAAGCATAGTTGGTCTTGGTGTCATATGGATCAGAGGCACAAGTGC
AGAGGCTGTGGTCATGCGGAACACTCTGTTATTTAAGATGGCTATCCAGATAATCCTGAA
CACTGTGTATTTGTTTTATTTAGACTACCAGCAAAGATTAAAGCATGAAATGTAAAACAT
CTGATAAAACTTACAGCCCCCTACACCAAGAGTGTATCTGTGAAAGAGCTCCTACACTTT
GAARACTTAAGAATCCCTTATCATGAAGTTTGCCTGTTCTAGAATTGTAAGATTGTTAAT
TTCCTTCAATCTCTAGTGACAACACTTAATTTCTTTTCTAATAAAAAAAACCTATAGATG
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mammalian GRX is available, and the only data about
eukaryotic GRX are from yeast (Bolle et al., 1992).
Therefore, we present here the first isolation and sequen-
cing of human GRX and initial characterization of the
promoter region.

2. Experimental and discussion
2.1. Isolation and sequence of human GRX

A total of 9 x 10° recombinant 4 clones were screened
with labeled glutaredoxin cDNA. One clone was proven
by PCR to contain the S5-upstream region, the
3’-downstream region, and the glutaredoxin cDNA
region. The approximate lengths of the 5- and 3"-
flanking regions were 3 and 4 kb, respectively. The
5’-flanking region was amplified by PCR and sequenced
(Fig. 1). The PCR product contained one internal EcoR1
site and one internal BamHI site, located at nt positions
1200 and 2000, respectively (data not shown). The 5'-
UTR of glutaredoxin ¢cDNA shared 100% identity to
GRX (Fig. 1). The genomic regions corresponding to
the translated region of glutaredoxin cDNA were
obtained by EcoRI digestion of the isolated genomic
gene, cloned, and sequenced. An intron of approximately
1.0 kb was located 211 nt downstream from the ATG
initiator codon (Fig. 1). The 3’-flanking region was aiso
amplified by PCR and sequenced. A second intron in
the 3-UTR (Fig. 1) began 6 bp downstream of the
terminator codon TAA. Except for the two introns, the
coding region and 3'-UTR of glutaredoxin cDNA (Park
and Levine, 1996) shared 100% identity to GRX.

2.2. Primer extension and S1 mapping

To investigate whether the isolated gene could be a
functional gene, primer extension and S1 mapping analy-
sis were performed. Primer extension was undertaken to
identify the GRX tsp. A 3?P-labeled 18-nucleotide anti-
sense primer corresponding to bp 1-18 of the translated
region of glutaredoxin cDNA was hybridized to human

neutrophil mRNA and extended with reverse tran-
scriptase. Only one fragment size of 87 bp was detected
(data not shown). To test whether the isolated genomic
DNA contained this region, the 5-end of the glutare-
doxin transcript was characterized using S1 nuclease
mapping. A 350-bp probe was synthesized by PCR using
two primers, which corresponded to —300 to —280 bp
and 87 to 69 bp of the genomic gene (Fig. 1). (Note: bp
69 to 87 of genomic DNA correspond to bp 1-18 of the
translated region of glutaredoxin cDNA). The PCR
product was cloned into pGEM vector. Antisense RNA
32p_jabeled probe was synthesized and hybridized with
10 ug of neutrophil total RNA. Hybridization of the
antisense RNA probe yielded one Sl-nuclease-resistant
band of 87 bp, which perfectly matched the primer
extension product (data not shown). Hybridization with
anti-sense RNA probe could have occurred only if the
appropriate mRNA was actually transcribed. These
experiments suggested that the region detected by Sl
nuclease mapping represented the 5'-terminus of the
glutaredoxin transcript, and that the isolated genomic
DNA contained the promoter region of GRX.

2.3. Analysis of the glutaredoxin promoter region

To learn how glutaredoxin transcription could be
initiated, we sequenced the promoter region of the gene
(Fig. 1). The sequence continued 1251 bp 5’ to the tsp
(designated +1) and 87 bp 3’ to this site. Potential
transcription elements in the sequence were identified.
In the immediate 5'-flanking region, TATA and CCAAT
sequences were located 30 and 160 bp, respectively,
upstream of the tsp. The location and distance of these
two sequences were consistent with data for other genes
(Johnson and McKnight, 1989). The 5'-flanking
sequence contained 15 other perfectly matched potential
transcription-factor binding sites (Fig. 1).

One such site was for the transcription factor API,
whose activity can be regulated by oxygen radicals
(Abate et al., 1990). GRX and its regulation could be
an important defense against oxidants because GRX
catalyses dehydroascorbic acid reduction to ascorbate

Fig. 1. Nucleotide sequence of the human glutaredoxin gene. The sequence shown includes a 1.3kb region (bp —1251 to +87) containing the
5'-flanking region of human GRX, the coding sequence, and the 3'-flanking region. The #sp is indicated by +1, putative TATA and CCAAT
sequences are underlined, and potential transcription factor binding sites are marked. The deduced amino acid sequences are indicated, two
conserved regions containing a total of four cysteines are underlined, and the putative poly A signal is double underlined. Nucleotides in lower
case are those at the beginning and end of the two introns. The sequence was submitted to GenBank (accession No. U40574). Methods: An
amplified human neutrophil genomic DNA library was screened with random-primed 32p.-labeled full-length human neutrophil glutaredoxin cDNA
(Park and Levine, 1996). One positive clone contained the entire glutaredoxin gene, 3-kb upstream 5’-flanking region, and 4-kb downstream
3"flanking region. A genomic fragment of approximately 10-kb was analyzed using PCR and restriction-endonuclease digestion. DNA containing
the glutaredoxin promoter region was amplified using an 18 oligomer (5-CACAAACTCTTGAGCCAT; primer 1) of the antisense strand comple-
mentary to nucleotide positions 1-18 of glutaredoxin cDNA and T3 primer located in the left A arm. GRX was digested with EcoRI and six
different genomic fragments were ligated to EcoRI-predigested TA vector (Invitrogen). The 3-downstream DNA region was amplified by PCR
with two primers: an 18 oligomer (5~ATTGGAGCTCTGCAGTAA,; primer 2) of the sense strand corresponding to 303-321 nucleotides of
glutaredoxin cDNA and T7 primer in the right A arm. Nucleotide sequences of the amplified fragments and the EcoR1-digested genomic fragments
were determined using the dideoxy chain-termination method with modified T7 DNA polymerase (Sequenase Version 2.0, US Biochemical).
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Fig. 2. Human glutaredoxin gene promoter activity. (A) Four different fragments of the glutaredoxin promoter (lines B-E) of increasing lengths
were inserted into the reporter plasmid pGL2 (Promega) for firefly luciferase (Luc). The numbers in each fragment represent the position of the
fragment in the glutaredoxin gene promoter relative to the zsp (+1). The control (line A) is reporter plasmid without glutaredoxin promoter. (B)
Relative luciferase activities of the above promoter constructs transfected into normal human fibroblasts (2=3). Cells were transfected by the
calcium phosphate method, incubated for 48 h, and lysed. Luciferase assays (Promega) were performed on the lysates.

(Park and Levine, 1996; Wells et al., 1993), dehydroasc-
orbic acid results from ascorbate oxidation (Washko
et al., 1993), and ascorbate is an ideal radical scavenger
(Buettner and Moseley, 1993). API activity is also
induced by TPA, EGF, Ha-ras, raf, v-mos, NGF, TGFg,
cAMP, retinoic acid and ConA (Abate et al., 1990). A
relationship might exist between oxygen radicals and
these inducers, and remains to be investigated.

2.4. Activity of the glutaredoxin gene promoter region

To define the DNA elements directing gene expression
and to identify regulatory domains within the 5'-flanking
region, glutaredoxin gene promoter activity was ana-
lyzed by a transient transfection method. Four different
5’-flanking sequences of the glutaredoxin gene were
constructed, containing 193-1265nt (Fig. 2A). The
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reporter plasmid pGL2 containing no promoter was
used to examine the expression of firefly luciferase ( Luc)
under the control of the four different 5'-flanking
sequences. These chimeric plasmids were transfected
into human normal fibroblasts and luciferase activities
were determined in cellular extracts prepared 48 h after
transfection. As a control, promoterless luciferase plas-
mid was also transfected into fibroblasts. The construct
444-Luc exhibited maximal luciferase activity, approxi-
mately 10-fold higher than the promoterless luciferase
plasmid (Fig. 2B). Transfection of construct 105-Luc
resulted in approximately 65% less luciferase activity
compared with construct 444-Luc. This implied that
positive cis-regulatory elements were located between bp
—444 and —105. The constructs 807-Luc and 1187-Luc
showed slightly lower luciferase activity, suggesting that
the region between —444 and —1187 contains mild
negative regulatory elements. These data provide evi-
dence that the promoter from the cloned glutaredoxin
gene is functional. It now becomes possible to study
how specific transcription factors and their binding sites
regulate glutaredoxin expression in normal and tumor
cells.

3. Conclusions

(1) This is the first characterization of mammalian
GRX. We isolated and sequenced human GRX and
described its promoter region. Human GRX con-
tained one intron 211 nt downstream of the initiator
codon and a second intron 6 bp downstream of the
terminator codon. Except for the intron, the protein
coding region of GRX was identical to glutaredoxin
cDNA. The cloned glutaredoxin gene promoter was
functional.

(2) Because GRX might protect cells from oxidant
damage by maintaining high intracellular vitamin
C concentrations, and the promoter region of GRX
contains binding sites for redox-sensitive factors,
regulation of GRX expression could play a central
role in cellular oxidant defense. Experiments to test
these possibilities are underway.
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