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Abstract

Transcription from the human immunodeficiency virus type 1 (HIV-1) provirus is activated by a
cellular factor, NFxB, recognizing the tandemly repeated 10-base-pair sequences, termed the »B
sequence, present in the enhancer region within the viral long terminal repeat (LTR). Using
electrophoretic mobillity shift assay (EMSA), which demonstrates specific DNA — protein
interaction in vitro, we could demonstrate that reducto-oxidative modulation of NFxB dramatically
changes its DNA binding activity and that a cellular physiological reducing catalyst, thioredoxin
(TRX) also known as adult T cell leukemia derived factor (ADF), fully restored the DNA-binding
activity of the oxidized NFxB. We also observed that purified TRX/ADF protein could augment
gene expression from HIV LTR as demonstrated by transient chloramphenicol acetyltransferase
(CAT) assay. These observations confirmed the previous notion that ADF might be an inducing
factor of cellular interleukin-2 receptor o subunit (IL-2Rx) through the xB sequence that is a
common central cis-regulatory element in both IL-2Ra and HIV gene expression. These
observations indicate that reducto-oxidative regulation (or redox regulation) of a cysteine
residue(s) on the NFxB molecule might play an important role in its specific DNA interaction and
that it might provide a clue to the understanding of a pathway of celiular signal transduction to
NFxB that is independent from the known pathways invoiving protein phosphorylation.

Introduction

NFxB is a pleiotropic mediator of transcription for various
promoters (1 —8). It activates a wide variety of viral and cellular
genes including human immuno-deficiency virus-1 (HIV-1)
(9 —13), interleukin-2 receptor a (IL-2Ra) {4,14,15), tumor necrosis
factor-a (TNF-a) (16) and GM-CSF (17). NFxB is initially located
in the cytoplasm as an inactive form associated with an inhibitory
protein, 1xB (18). The finding that phorbor esters induce nuclear
translocation of NFxB, and that NFxB is released in vitro by

treatment of the cytosol fraction with purified protein kinase C
(PKC) (19), have suggested that ixB may be inactivated by
phosphorylation. However, one of the few known physiological
inducers of NFxB, TNF-«, was found to activate NFxB even in
the presence of protein kinase inhibitors, implying that a kinase-
independent mechanism was involved (20).

Within the HIV-1 long terminal repeat (LTR), two tandemly
repeated xB sites have been identified in the region initially
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identified as enhancer. This.cis-regulatory element has been
shown to regulate the transcriptional inducibility of HIV in activated
T cells and in TNF-treated cells (2,9,12,20,21). Thus, NFxB may
serve as an intraceliular mediator in activation of the latent HIV-1
provirus and thus participate in a critical step preceding the
clinical manifestation of the acquired immunodeficiency syndrome
(AIDS).

In T cells transformed by human T lymphotropic virus type 1
(HTLV-1), NFxB is constitutively activated causing overexpression
of IL-2Ra on the cell surface (15,22) and release of TNF-a (16)
and GM-CSF (17). Moreover, replication of HIV-1 is greatly

“augmented in these cells (23,24) and its augr itation is
dependent on the xB sites within LTR (8,12,21). Interestingly,
Tagaya et al. (25) demonstrated that a cellular factor, known as
adult T cell leukemia-derived factor (ADF), which is released from
cells transformed by HTLV-1 (26,27) or Epstein — Barr virus (28)
and has activity to stimulate iL-2Re: expression, is the human
homolog of thioredoxin (TRX) (see ref. 29 for review). Human
TRX is a 13 kDa thiol protein that is a strong catalyst of dithiol-
disulfide exchange reactions (A. Mitsui, T. Hirakawa, and
J. Yodoi, submitted). TRX participates in redox reactions through
reversible oxidation of its active center dithiol to a disulfide. The
actual role of TRX in inducing IL-2Ra is to be clarified, but there
is much evidence to suggest that the reducto-oxidative condi-
tions of sulfhydryl (SH) groups of some nucleic acid-binding
proteins reversibly modulate their binding capabilities (30 ~ 33).
Recently, several reports have indicated that reducto-oxidative
conditions modulated the DNA binding activity of NFxB by using
non-physiological inorganic reagents (34 —36). These findings
prompted us to investigate whether redox regulation by the TRX
system participates in the regulation of HIV gene expression.

Methods

Nucleic acids

Oligodeoxynucleotides were synthesized in an Applied
Biosystems 381 DNA synthesizer (Applied Biosystems, USA).

Preparation of nuclear and cytosolic extracts

Nuclear and cytosolic (S100) extracts were prepared from MT2
cells (37) in the logarithmic growth phase by the method of
Dignam et al. (38). NFxB-activity in the crude MT2 nuclear extract
was partially purified through heparin —agarose and DEAE -
Sepharose columns as reported previously (39,40). All operations
after cell harvest were performed at 4°C. All buffers contained
protease inhibitors, 0.5 mM phenylmethylsulfonyl flouride (PMSF)
and 0.01 U/mi aprotinin. Briefly, the crude nuclear extract after
dialysis against a buffer D (containing 20 mM Tris — HC! (pH 7.9),
0.1 M KCI, 0.2 mM EDTA, 1 mM DTT and 20% glycerol) was
loaded onto a heparin —agarose column, washed with five
column volumes of buffer D, and the bound proteins were eluted
. with buffer D with 0.4 M KCI. This 0.4 M KClI eluate was dialysed
against buffer D and loaded onto a DEAE - Sepharose column.
The NFxB activity recovered in the 0.225 M KCl eluate (called
‘DE0.225') was concentrated by ultrafiltration (using Centriprep;
Amicon, MA, USA) and dialysed against buffer containing 20 mM
HEPES~KOH (pH 7.9), 0.1 M KClI, 0.2 mM EDTA, 0.5 mM
PMSF, and 20% (v/v) glycerol (no DTT was added) and stored
in liguid nitrogen until use. The endogenous TRX, examined by

Western blotting with specific antisera, and its activity, measured
by the ability to convert NADPH to NADP*, was not detected
in the MT2 DE0.225 fraction.

DNA binding assay

Kinase reactions of oligonucleotide DNA were performed with
[v-*?PJATP and T4 polynucleotide kinase. Binding reactions
were performed at 30°C for 10 min in a total volume of 10 gl
of buffer containing 20 mM HEPES — KOH (pH 7.9), 60 mM KC|,
1 mM MgCl,, 5% (viv) glycerol, 0.1% NP40, 1.0 g of poly(d!-
dC), 0.1 ng (20 000-30 000 c.p.m.) of labeled probe, and
DE0.225 containing NFxB, DTT was not added in the
experiments using sulfhydryl-modifying reagents. After addition
of loading buffer, the mixture was analyzed by electrophoresis
in 6% nondenaturing polyacrylamide gel with 0.5 x TBE buffer
(4.5 mM Tris, 4.5 mM boric acid, 0.1 mM EDTA, pH 8.0). For
competition assays, the competitor DNA (5 ng; i.e. 50-fold excess
over the probe) together with poly(dl-dC) was preincubated with
NFxB onice for 5 min before addition of the rest of the reaction
mixture. NFxB usually gave two major retarded bands on electro-
phoretic mobility shift assay (EMSA), as reported previously
(3,7;8,14,21,41). The additions of the wild-type xB sequences
reduced the intensities of both bands equally.

Modification of sulfhydryls

N-ethylmaleimide (NEM) and diamide {diazenedicarboxylic acid
bis(N,N-dimethylamide)] were purchased from Sigma (St Louis,
USA). NEM alkylates and irreversibly blocks free SH groups by
the following reaction:

o]

R-S
R-SH  + QN-C2H5 > N-C,Hs

Protein (NFxB) NEM

On the other hand, diamide reversibly converts thiols to disulfides
(42) and the diamide-oxidized protein could be recovered by
appropriate reducing agents such as DTT, 2-mercaptoethanol
(2-ME) and the reduced form of TRX.

Recombinant human TRX, or ADF, and its mutant were purified
to near homogeneity, reduced by incubation with excess DTT
(usually 10 mM DTT was used for reducing 1 mM TRX) for 1 h
at room temperature and dialyzed overnight against buffer
saturated with nitrogen gas. Purified and reduced TRX was stored
in liquid nitrogen until use.

Transfection and chloramphenicol acetyltransferase (CAT)
enzyme assay

For transfection of plasmid DNA into COS-1 celis, the calcium
phosphate precipitation protocol was used as previously reported
(9,24). Construction of HIV LTR~CAT, CD12, and its deletion
mutant, CD52, lacking the upstream sequence from nucleotide
position —65, was reported in the previous papers (13,40). Cells
were harvested after 48 h of transfection and the CAT enzyme
activity in 100 pg of cell lysate was measured by the standard
method (9,24). Purified recombinant TRX/ADF was added to the
cell culture media 24 h before cell harvest at the concentrations
indicated. Protein concentration of each lysate was determined
using Bradford’s method (BioRad, USA).



Results

Preparation of ‘activated’ NFxB and its specificity

NFxB was partially purified from one of the HTLV-1-transformed
cell lines, MT2 (37). For this, a crude nuclear extract was prepared
from MT2 cells in the logarithmic growth phase by the method
of Dlgnam et al., (38) and NFxB in the extract was fractionated
using heparin —agarose and DEAE — Sepharose columns (39, 40)
(Fig. 1). Since in MT2 cells genes regulated through the »B motif,
such as IL-2Ra and GM-CSF, are constitutively activated like other
HTLV-1-immortalized cell lines, the NFxB protein prepared from
the MT2 nuclei are considered to be fully competent for specific
DNA recognition. Oligonucleotide DNAs containing xB
sequences of the HIV-1 (2), human IL-2Ra (3), and mouse class
1 major histocompatibility complex (MHC) (41) genes and their
mutants were synthesized chemically for use as probes or
competitors (Fig. 2). By EMSA (2), xB-binding activity was
demonstrated in the fraction of nuclear extract of MT2 cells eluted
from heparin-~-agarose with 0.4 M KCI and from
DEAE - Sepharose with 0.225 M KCI (Fig. 1b, lanes 4 and 7).
This preparation yielded ~ 40-fold purification of the xB-binding
protein from the crude nuclear extract. A cytosol fraction, S100,
was prepared from MOLT4 cells, a human CD4 cell line. When
the $S100 was detergent treated with deoxycholate and NP4Q,
xB-binding activity was detected by EMSA (lanes 9 and 10) as
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MT2 Nuclear Extract

DNA- >
Heparin-agarose protein
complexes >
0.1 0.4 1.0MKCI
DEAE-Sepharose
0.1 0.225 MKGi
free
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Fig. 1.
MT2 cells and fractionated as described in Methods.
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previously shown for the NFxB-IxB complex (18). It was also
noted that the mobility of the shifted band detected with the S100
fraction was similar to the band detected with the nuclear fraction
in the presence of the detergents (lanes 8 and 9). A slight
difference in mobility of the NFxB — DNA complex was noted in
lane 8, as compared with that in lane 7, which was probably due
to the presence of detergents.

To examine further the specificity of NFxB activity, various
oligonuctectides (Fig. 2a) were synthesized for cold competition
experiments. As shown in Fig. 2b, NFxB-binding to the HIV-1
»B probe was prevented by addition of 50-fold molar excess of
the unlabeled NFxB oligonucleotide ‘HIV wt', 'IL-2R wt’, or
‘MHC-1 wt’ to the reaction mixture, but not by addition of the
mutant oligonucleotide 'HIV mut’, ‘IL2R mut’, or ‘MHC-1 mut’
(Fig. 2b). Consistent with these findings, the labeled probes of
the mutant DNAs were not recognized by NFxB (not shown).
From these observations as well as the similarities of the gel
retardation pattern with previous reports (also showing double
retarded bands), we concluded that the DNA-binding activity is
due to the activity of NFxB.

involvement of sulfhydryls on the NFxB molecule in DNA-binding

The requirement of free sulfhydryl groups of NFxB in DNA
recognition was investigated using a moderate sulfhydryl-specific
alkylating agent, NEM, to block the sulfhydryls on the molecular
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(a) Scheme for the preparation of the HIV-1-enhancer (xB sequence)-binding protein. The crude nuclear extract (NE) was prepared from
(b) The xB DNA-binding activities of fractions after each stage of purification by EMSA. 32P-

labeled double-stranded HIV wt probe (see Fig. 2a for the sequence) was incubated with each fraction. The binding reactions and electrophoresis
were as described under Methods. One microliter (about 108 cell equivalent) of each fraction was added to the binding reaction (lanes 2 through
7). Two retarded bands are indicated by close arrow heads. In lane 1, no protein was added (c, control). in lanes 8 and 10, 2 ! of DEAE 0.225
nuclear fraction or cytosolic fraction of MT2 cells (S100) were incubated with 0.8% deoxycholate and 1.2% NP40 (final concentrations) before addition
of the probe. The attenuation of the upper band and the slight downward shift of the lower band with the DEQ.225 fraction was noted upon treatment
with detergents, probably due to the dissociation of the protein complexes or the conformational changes. Positions of DNA - protein complexes
and free unbound probe are shown by arrow heads and an arrow, respectively.












Discussion

Here we present evidence which suggests that TRX/ADF might
activate HIV gene expression by a dithiol-disulfide exchange
reaction of the cysteine residues on the NFxB molecule. First,
the present study has shown that free SH groups of NFxB
required for its specific DNA-binding activity. Oxidation of already
‘activated’ NFxB prepared from MT2 cell nuclei inactivated its
specific DNA-binding activity and subsequent reduction of the
oxidized protein by TRX/ADF efficiently restored its activity.
Moreover, the transient CAT gene expression assay has demon-
strated that gene expression from HIV LTR was augmented by
the exogenously added TRX/ADF. Since this activity was
abolished when the upstream cis-regulatory region containing
the NFxB-binding sites was deleted from the HIV LTR, this in vivo
effect of TRX/ADF might also be mediated through NFxB.
This kind of control mechanism involving sulfhydryls of cysteine
residues is collectively called ‘redox regulation’ (29). Similar
phenomena have been observed with other nucleic acid-binding
proteins. For example, oxidation of the iron-responsive element
binding protein (IRE-BP), which specifically interacts with the 5
untranslated region of the ferritin heavy-chain mRNA, increased
its binding affinity to its RNA target (IRE) by a factor of over 100
(31). On the other hand, in the case of the bacterial transcriptional
regulatory protein OxyR, which regulates gene expression in
response to oxidative stress, oxidation of a singie essential
cysteine changed its DNA-binding specificity and activated gene
expression of a set of genes responsible for the resistance to
oxidative environment (32). Furthermore, the DNA-binding activity
of the Fox — Jun heterodimer has been shown to be modulated
by the redox status of a single conserved cysteine residue in the
DNA-binding domain of each of the two proteins (33). However,
similar experiments with other transcription factors, namely CBP,
Sp-1 and NF-1 ((46) and our unpublished results) did not show
any effects of oxidation or reduction of sulfhydryls on their DNA-
binding activities. Thus, one of the physiological roles of the
cellular redox regulation system might be that it serves as a novel
modality in selective activation of a certain set of genes by
modulating the activity of particular nucleic acid-binding proteins.
Besides the TRX system, there are other cellular reducing
systems such as the glutaredoxin (GSH) system (29,48). The TRX
and GSH systems are considered to have specific, but
overlapping functions in many reduction systems. Since reduced
glutathione, even in the presence of glutathione reductase, did
not restore the activity of the oxidized NFxB in vitro (T. Kawabe,
T. Okamoto, and Y. Yodoi, submitted), TRX is more likely to be
important in the reduction of NFxB. Recently, Staal et al. (49)
reported that N-acetyl-L-cysteine (NAC), acting both as a
scavenger for oxygen radicals and as a precursor of GSH,
blocked activation of HIV transcription by TNF-« through NFxB
when added at a very high concentration. It is possible that there
are cross talks within the cells among different reducing systems.
However, the in vivo effects of reducing agents, especially in the
presence of oxidative stress, such as that evoked by TNF-«, need
to be evaluated carefully. For example, the effect of TNF-a in
inducing endogenous TRX may have been blocked in the
presence of excess intracellular GSH because of the radical-
scavenger activity of GSH. Thus, cellular reducing systems, such
as those of TRX and GSH, might have distinct roles in the signal
transduction pathway involving NFxB. In T cells infected with
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HTLV-1, where TRX (or ADF) (25-27) as well as TNF (16) is
overexpressed, NFxB is known to be constituti s activated
(15,22) and replication of HIV is greatly augmented (23,24). It
is interesting to see if excessive amounts of the extracellular
reducing agent such as NAC could inactivate NFxB even in cells
infected with HTLV-1.

There are many cysteine residues in the putative DNA-binding
domain of the NFxB molecule, but the cysteine residue(s)
required for DNA recognition has not yet been identified.
Nevertheless, our results, together with others (34 — 36), suggest
that a novel molecular mechanism involving the sulfhydryls has
an important role in specific DNA recognition by NFxB. The
concept of ‘redox regulation’ may not only provide an insight
into a novel mechanism of DNA-binding by NFxB but also may
explain, at least partly, why gene expression of HIV and IL-2Ra
is augmented in the cells transformed by HTLV-1. Further
investigation will hopefully lead to development of a new strategy
which can efficiently decelerate the pathological pro s of AIDS.
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Abbreviations

ADF adult T cell leukemia-derived factor
CAT chloramphenicol acetyltransferase
CBP CCAAT-binding protein

EMSA electrophoretic mobility shift assay
GSH glutaredoxin

HIV-1 human immunodeficiency virus 1
HTLV-1 human lymphotropic virus type 1
IL-2Ra interleukin-2 receptor «

IRE iron responsive element

LTR long terminal repeat

2-ME 2-mercaptoethanol

MHC major histocompatibiity complex
NAC N-acetyl-L-cysteine

NEM N-ethylmaleimide

PKC protein kinase C

PMSF phenylmethylsulfony! fluoride

SH sulfhydryl

TNF-¢ tumor necrosis factor-a

TRX thioredoxin

References

1 Sen, R. and Baltimore, D. 1986. Multiple nuclear factors interact with
the immunoglobulin enhancer sequences. Cell 46:705.

2 Nabel, G. and Baltimore, D. 1987. An inducible transcription factor
activates expression of human immunodeficiency virus in T cells.
Nature 326:711.

3 Bohnlein, E., Lowenthal, J. W., Siekevitz, M., Ballard, D. W,,
Franza, B. R., and Greene, W. C. 1988. The same inducible nuclear
proteins regulates mitogen activation of both the interleukin-2 receptor-
alpha gene and type 1 HIV. Cell 53:827.

4 Kawakami, K., Scheidereit, C., and Roeder, R. G. 1988. Identifica-
tion and purification of a human immunoglobulin-enhancer-binding
protein (NFxB) that activates transcription from a human immuno-
deficiency virus type 1 promoter in vitro. Proc. Natl Acad. Sci. USA
85:4700.

5 Bours, V., Vilalobos, J., Burd, P. R., Kelly, K., and Seibenlist, U. 1990.



Thiol redox control of the HIV-1 enhancer-binding protein 819

Lang, J. C., and Gillespie, D. A, F. 1991. Regulation of AP-1/DNA

Cell. Biol. 8:3215,
45 Slaby, |. and Holmgren, A. 1989. Thioredoxin reductase-dependent complex formation in vitro. Oncogene 6:205.
insulin disulfide reduction by phage 77 DNA polymerase reflects 48 Holm¢ . A. 1989. Thioredoxin and glutaredoxin sy« 1s. J. Biol.
dissociation of the enzyme into subunits. J, Biol. Chem. 264:16502. Chem. 264:13963.
46 Schmidt, A., Setoyama, C., and Crombrugghe, B. D. 1985. Regulation 49 Staal, F. J., Roederer, M., Herzenberg, L. A., and Herzenberg, L. A.
of a collagen gene promoter by the product of viral mos oncogene. 1990. Intraceliular thiols regulate activation of nuclear factor xB and
transcription of human immunodeficiency virus. Proc. Natl Acad. Sci.

Nature 314:286.
47 Frame, M. C., Wilkie, N. M., Darling, A. J., Chudleigh, A., Pintzas, A., USA 87:9943.



