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Inhibition of NF- kB DNA binding by nitric oxide
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ABSTRACT

It has been suggested that the NF- kB transcription
factor family may mediate expression of the gene
encoding the cytokine-inducible form of nitric oxide
synthase (iNOS). To establish if nitric oxide (NO) could

in turn affect activity of NF- kB, the ability of NO-donor
compounds to influence NF- kB DNA binding activity in
vitro was investigated. NO-donor compounds sodium
nitroprusside (SNP) and S-nitroso-N-acetylpenicilla-
mine (SNAP) both inhibited the DNA binding activity of
recombinant NF- kB p50 and p65 homodimers and of
p50—p65 heterodimers. Inhibition of NF- kB p50 DNA
binding by NO-donor compounds involved modifica-
tion of the conserved redox-sensitive C62 residue, as

a C62S p50 mutant was significantly more resistant to
SNP-mediated inactivation. Non-reducing SDS-
polyacrylamide gel electrophoresis demonstrated that
SNP could inhibit p50 DNA binding by mechanisms
other than the formation of intersubunit disulphide
bonds involving p50 residue C62. Electrospray ioniz-
ation mass spectrometry of a synthetic NF- kB p50
peptide containing the C62 residue suggested that NO
gas can modify C62 by S-nitrosylation. This study
indicates that NO-donors can directly inhibit the DNA
binding activity of NF- kB family proteins, suggesting
that cellular NO provides another control mechanism

for modulating the expression of NF- kB-responsive
genes.

INTRODUCTION

peripheral blood mononuclear cells suggested that treatment with
NO-donors SNP and SNAP resulted in the activation of the DNA
binding activity of NFkB family proteins §). In contrast, in more
recent studies using human vascular endothelial cells, activation of
NF-kB DNA binding activity following treatment with tumour
necrosis factoor (TNF-a) could be inhibited by treatment with
SNP and GSNOUY. It was proposed that the mechanism of
inhibition by NO-donors involved both stabilization ©Bbi, and
increased transcription of theBa gene {0).

Inducibility of the DNA binding activity and nuclear transloca-
tion of NF«B, whose classical form is a heterodimer of p50 and
p65 subunits, is mediated by the disruption of complexes of
NF-«B and kB inhibitor proteins. In unstimulated cells MB-
family proteins are normally held in a non DNA-binding form in
the cytoplasm bykIB proteins. Stimulation of cells with a wide
range of agents results in proteolytic degradationk8u)
allowing the nuclear translocation of B, now in a form
competent for DNA binding. NKB family proteins recognize
DNA sequences related to #i& motif (5-GGGACTTTCC-3).
Similar DNA sequences are present in transcriptional control
regions of cellular genes involved in immune and inflammatory
responses, and are important for transcription of a number of viral
genes, such as the human immunodeficiency virus (HIV)
provirus (reviewed i1®,7).

Members of the NkB transcription factor family include the
p50 (NFkB1), p52 (NFkB2), p65 (Rel A), Rel B, c-Rel, v-Rel,
dorsal and Dif proteins. These IXB- family proteins share a
conserved N-terminalB00 amino acid region known as the
NF-kB/rel/dorsal (NRD) homology region which is responsible
for DNA binding, dimerization and nuclear localizatidh7y.
Amino acid residues in the N-terminal part of the NRD region

The physiological roles of the short-lived free radical gas nitricontribute to specific DNA recognition and are responsible for
oxide (NO) have been the subject of intense interest since tigglox modulation of DNA binding activityt {(—16). ThekB motif
identification of NO as the diffusible agent mediating theDNA is recognised in an unusual way, with the dB-making

relaxation of smooth muscld)( reviewed in 2-5). NO has

base and backbone contacts with the DNA over one complete turn

subsequently been shown to be involved in a wide range of the double helix1(7,18). Structural analysis of p50 homo-
biological processes including vasodilation, platelet aggregatiosimer—«B motif DNA co-crystals 19,20) has revealed that the

macrophage cytotoxicity and neurotransmission.

p50 monomer contains two domains separated by a potentially

It has been demonstrated that treatment of cells with NO-genéexible linker. The N-terminal domain is responsible for most of
ating compounds such as sodium nitroprusside (SNP), S-nitrogbe specific DNA contacts, while the C-terminal domain forms the
N-acetylpenicillamine (SNAP) and S-nitrosoglutathione (GSNOJimer interface but also contagB motif DNA.

influences activation of the nuclear fact@ (NF-«B)/rel/dorsal

It has been suggested that reactive oxygen species such as

family reviewed in §,7). An early study in normal human hydroxyl radicals and superoxide anions act as mediators of
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NF-kB activation by kB degradation41,22) although NF«B ~ 20pl) incubated for 15 min at 2C before electrophoresis at

must be in a reduced state to bind DiNAitro (23). This effect 200 V for 40 min in 0.8 TBE buffer. After electrophoresis, gels

is mediated by the redox state of a cysteine residue conserveaviere dried on DEAE—cellulose paper (Whatman, DE81) and

all NFkB/rel/dorsal subunit species, corresponding to C62 in thésualised by autoradiography.

NF-kB p50 subunit{1-15). The C62 residue is located within a

polypeptide loop used to make many of the specific contacts witfon-reducing SDS—polyacrylamide gel

kB motif DNA, and contacts a phosphate(s) in the DNAglectrophoresis/western blotting

backbone 19,20). . . . ) ) ) .
Following activation of NFkB DNA binding activity and To detect intersubunit disulphide crosslinks involving C62 thiol

NF-kB translocation to the nucleus, a mechanism is required &0°UPS of pSO homodimers (or other possible covalent intersub-

shut off expression of NiB-responsive genes to allow the cell unit crosslinks), p50 proteins were apalysed by electrophqre5|s in

to return to its initial state. This could be achieved by exporting€ Presence of SDS on non-reducing 10% polyacrylamide gels

NFB from the nucleus back to the cytoplasm, a process recenfiyith 29:1 acrylamide:bisacrylamide). Following electrophoresis,

shown to be mediated bxBa (24), and/or by inactivating S—protein complexes were electroblotted (LKB semi-dry

nuclear NF«B. blotter, with 20 mM Tris, 150 mM glycine, 20% methanol transfer

The promoter of the murine inducible nitric oxide synthas@uffer) onto polyvinylidene difluoride (PVDF, Sigma) mem-
(iNOS) gene contains twd motifs, one of which is critical for 2rane. PVDF membranes were blocked for 1 h in PBS, 0.1%
inducible gene expressio5). Similarly, several cytokine- 1Ween-20, 10% non-fat dry milk (PTM) before incubating for 1 h
responsive elements are present in the human iNOS gefg’00m temperature with polyclonal anti-p50 antiserum diluted
promoter, including &B motif, three interferony- response  1:1000 with PTM. Membranes were again washed with PTM and
elements and a tumour necrosis factor response eleR@nt (|ncupqted with horseradish peroxidase-conjugated donkey anti-
suggesting an important role for MB-in NO production. NO rabbl'_[ immunoglobulin (Amersham, diluted 1:500 in PTM) for
has also been shown to inactivate several proteins by modificatdf Min at room temperature. Finally, PVDF membranes were
of reactive thiol group<2()) and mass spectroscopic analysis ha¥/ashed twice with PTM, once with PBS, 0.1% Tween-20 before
shown that NO gas can modify cysteine groups by S-nitrosylatié’f'PUba“”g with enhanced chemiluminescence detection reagent
(28). As members of the NiB/rel/dorsal family all posess a (Amersham) and detection with X-ray film.
reactive redox-sensitive cysteine residue towards the N-terminus
of their NRD region, this study explored the possibility of a diredvleasurement of free NO concentrations
effect of NO on NF«B DNA binding activity using recombinant

) NO concentration measurements were performed in 80 ml of
NF-kB p50 and p65 proteins. ! . w P I

DNA binding assay binding buffer in an argon-blanketed sealed
container at room temperature using an isolated nitric oxide meter
MATERIALS AND METHODS and probe (World Precision Instruments Iso-NO, previously
Bacterial expression and purification of NFKB proteins calibrated with NO gas) with 3 min intervals between SNP or
SNAP sample additions.

NF-kB p65 (residues 12—317), NdB p50 (residues 35-381) and

a C62S p50 mutant were expresselsnherichia coldM101. Mass spectrometry of p50 peptide after NO gas treatment
The wild-type p50 and C62S mutant p50 proteins were purifi
as described previousl§3), p65 protein was purified similarly.
Protein fractions were frozen in liquid nitrogen and stored
—70°C. Protein purity was determined by analysis under reducir?%
conditions in 10% polyacrylamide gels containing SDS. !

eRn oligopeptide corresponding to p50 amino acid residues 43-77
nd of predicted average molecular mass 3933.47 Da was
nthesised and then purified by reverse phase HPLC. The
egrity of the peptide was confirmed by N-terminal amino acid
sequencing. The p50 peptide was analysed by electrospray
. oo ionization mass spectrometry in the positive ion mode using a VG
Gel electrophoresis DNA binding assay Quiattro instrument (VG Organic, Altrincham, UK) previously

Binding of recombinant NKB proteins to32P-labelled DNA ~ calibrated with myoglobin. Nitric oxide gas was generated by the
containing an NFB recognition site was assayed by electrofeaction of ascorbic acid with sodium nitrite in solution under a
phoresis on 6% non-denaturing polyacrylamide (44:0.8 acrylamid@rogen atmosphere. The gas generated was passed through :
bisacrylamide) gels. Typically, 0.7 ng (0.018 pmol) recombinarfiodium hydroxide scrubbing solution to remove Ng@fore

p50 protein, 0.62 ng (0.018 pmol) recombinant p65 protein &Q€iNg passed via a Pasteur pipetté@tml/min for(b min into

0.35 ng of recombinant p50 plus 0.31 ng of recombinant pés15 Mg of reduced pS0 peptide dissolved iniSef ultrapure
(diluted in PBS, 1 mg/ml BSA) was added without reducindvate.r:methanol:acetlc acid (1:1:0.01). Samplgs qf the peptide
agents to 1fdl of binding buffer (85 mM NaCl, 8.5% v/v glycerol, solution (5ul) were analyseq by electrospray ionization mass
22 mM HEPES pH 8.0, 1.3 mg/ml BSA, 0.17% NP-40, 3.6 mnpPectrometry before ai@0 min after the NO gas treatment.
spermidine, 0.85 mM EDTA pH 8.0, 6.1 mM MgLlIif needed,

reducing agents were added at this point and the mixtuRESULTS

incubated on ice for 15 min. Where indicated, NO-generating , .. .-+ of NE-kB DNA binding by NO-donors

agents or other reagents were then added and the mixture
incubated on ice [15 min for SNP (Sigma) or 1 h for SNAPFTo investigate direct effects of NO on KKB- DNA binding
(Sigma)]. Finally, 532P-labelled double-stranded 16meB  activity, purified recombinant p50 homodimers were incubated
motif oligonucleotide (SCTGGGGACTTTCCAGG-3typically  with NO-donor compounds in the presence or absence of DTT
0.05 pmol) was added and the binding mixture (total volumand the DNA binding activity determined in a gel electrophoresis
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A : AUMMDTT ol bl brcaps, -2 Bl Gint. To exclude the involvement of other species in the SNP (plus
T DTT)-mediated inhibition of NkB p50 DNA binding activity,
CN-, NO,~ and NG~ [which are also formed during or after the
R Ty ... ™ W reaction of SNP with DTT2Q)] were added to the DNA binding
assay. The addition of KCN, NaM@r NaNG; had no significant
inhibitory effect on p50 DNA binding activity when added to the
binding assay buffer in either the absence or presence of 1 mM
DTT (data not shown). Further, the addition of potassium
ferrocyanide which is structurally similar to SNP but lacks any
¥ m NO groups had no significant effect on p50 DNA binding activity
either in the absence or presence of 1 mM DTT (data not shown).
To determine if NO-donor compounds could inhibit the DNA
B I binding activity of other NB species, recombinant p65
T e TR TN T TR TR ETL homodimers were treated with SNP or SNAP in the presence or
absence of 1 mM DTT. Treatment of p65 with 1 mM DTT
T m L stimulated p65 DNA binding activity, and again the combination
of SNP plus DTT was a very effective inhibitor of p65
homodimer DNA binding (Fig2A). Treatment of p65 with
SNAP resulted in complete inhibition of p65 DNA binding
activity by 1 mM SNAP (Fig2B). Similarly, the DNA binding
activity of the classical p50—p65 heterodimer form ofidiFwas
¥ reduced to undetectable levels by treatment with 1 mM SNP plus
DTT (Fig. 3A) or by 1 mM SNAP (Fig3B).

o) T e s ' g s sl d a8 el l. § a8 8 W

Site of inactivation of p50 by the NO-donor SNP

Figure 1. Inhibition of NF«B p50 DNA binding activity by the NO-donors ~ As several studies had previously identified the critical role of

SNP and SNAPA) No addition, or addition of DTT to 1 mM, or addition of C62 (WhiCh is conserved throughout the REirel/dorsal
B-mercaptoethanol to 2 mM, or addition of reduced glutathione to 2 mM to iv) i lating the DNA bindi tivity of D50 the effect
1.4 ng (0.036 pmol) of recombinant p50 protein [or 0.7 ng of recombinant p5d(amI y) In reguiating the Inding activity or povy, the efiec

(0.018 pmol) in the reduced glutathione case] ipiBf binding assay buffer, ~ Of SNP on the DNA binding activity of a C62S mutant of g5 (
followed by addition of SNP to the indicated concentrati®)sNp addition, ~ was examined. While the wild-type p5S0 DNA binding activity
oraddtion of DT T10 1m0 9.7 nd (0.018 pmod of re;?lgﬂfbm;; PSO protein was completely inhibited by 1 mM SNP in the presence of DTT
in 17 pl of binding assay buffer, followed by addition o stoc : : :

solution in DMSO to give the indicated SNAP concentrations. DMS®) (1 _(Flg. 4A) the C62S mutant_was ConSIderably more resistant to
was added to lanes marked ‘D’ as a control for effects on DNA binding activity.inactivation by SNP either in the absence or presence of DTT
The positions of DNA—protein complexes and free oligonucleotide probe argFig. 4B). This result implicates the redox-sensitive C62 residue

indicated by ‘B’ and ‘F’ respectively. of p50 as the target of inactivation by SNP.

bind #P_jabelled | eotid Free NO concentrations generated by NO-donors
DNA binding assay using &P-labelled DNA oligonucleotide _ o
containing t%e reczgnitiogn site for NdB. While gSNP in the As the concentrations of both SNP and SNAP needed to inhibit

absence of DTT inhibited p50 DNA binding in a gradual manneNF-¥B DNA binding activity in vitro were relatively high
SNP in combination with 1 mM DTT resulted in a dramaticcompared with estimated physiological NO concentrations, the
inhibition of p50 DNA binding activity (FiglA). SNP in free NO concentration in the gel electrophoresis DNA binding
combination with 2 mM-mercaptoethanol or with the physio- 2558y binding buffer after NO-donor addition was measured
logical antioxidant reduced glutathione (at 2 mM) also poterf!Sing_an_NO-sensitive probe (World Precision Instruments
tiated the inhibitory effect of SNP on p50, although again not 480-NO)- The free NO concentrations as measured by the probe
effectively as 1 mM DTT (FiglA). The dramatic inhibition of Were several orders (_)f magnitude lower 'ghan the concentrations
NF-kB p50 DNA binding activity by the combination of SNP and®f SNP and SNAP (FigA and B), suggesting that thesevitro
DTT was not due to any inhibitory effect of DTT itself as reducingh€nomena are likely to be physiologically relevant.
agents stimulate the DNA binding activity of oxidised native and
recombinant NB proteins {1-15,23). Comparison of the two e .
control lanes 1 mM DTT) in the absence of SNP clearly Nature of the SNP modification of p50 residue C62
illustrates this point (FigLA). Of the chemical modification events which could occur during
To confirm that the inhibition of NkB p50 DNA binding SNP-mediated inhibition of p50 DNA binding, one possibility
activity by SNP was a consequence of NO release, a chemicaiyght be the formation of an intersubunit disulphide bond
distinct NO-donor was tested. S-nitroso-N-acetylpenicillaminévolving residue C62. It has been previously shown that in
(SNAP) was incubated with NEB p50 in the presence or absenceoxidised p50 homodimers, the inactivation of p50 DNA binding
of reducing agent and the DNA binding activity remainings mediated by the formation of an intersubunit disulphide bond
determined in a gel electrophoresis DNA binding assay. Additianvolving C62, a residue known to make close contactskiith
of SNAP to the DNA binding assay gave similar results in eithenotif DNA (11,12,15,19,20). Hence, NFB p50 protein was
the presence or absence of 1 mM DTT, with 1 mM SNAP reducirigeated with SNP or the sulphydryl oxidising agent diamide
p50 DNA binding activity to undetectable levels (HiB). (Azodicarboxylic acid bis [dimethylamide]) in the presence or
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Figure 2. Inhibition of NF«B p65 DNA binding activity by the NO-donors  gjgyre 3. nhibition of NF«B p50—p65 heterodimer DNA binding activity by
SNP and SNAP.A) No addition, or addition of DTT to 1 mM to 0.62 ng  {he NO-donors SNP and SNAR)(No addition, or addition of DTT to 1 mM
(0.018 pmol) of recombinant p65 protein in (II7of binding assay buffer, {5 .35 ng (0.009 pmol) of recombinant p50 protein plus 0.31 ng (0.009 pmol)
foIIowg(_j by addition of SNP to the indicated conpentratl(B)sNO a}dqmon, of recombinant p65 protein in 3# of binding assay buffer, followed by
or addition of DTT to 1 mM to 0.62 ng of recombinant p65 protein il b7 addition of SNP to the indicated concentratioBsNo addition, or addition of
binding assay buffer, followed by addition ofilof SNAP stock solution in DTT to 1 mM to 0.35 ng of recombinant p50 protein plus 0.31 ng of
DMSO to give the indicated SNAP concentrations. DMSfll)(as added to recombinant p65 protein in 1i¥ of binding assay buffer, followed by addition
lanes marked ‘D’ as a control for effects on DNA binding activity. After o 1 )| of SNAP stock solution in DMSO to give the indicated SNAP
incubation on ice, 0.05 pmol BB m0t|f_o||gonuc|e0t|de probe was added S concentrations. DMSO (ll) was added to lanes marked ‘D’ as a control for
normal. The positions Pf’DNATRroteln C(_)mplexes and free oligonucleotide gffacts on DNA binding activity. After incubation on ice, 0.05 pmaBoinotif
probe are indicated by ‘B’ and ‘F’ respectively. oligonucleotide probe was added as normal. The positions of DNA—protein
complexes and free oligonucleotide probe are indicated by ‘B’ and ‘F
respectively.

absence of 1 mM DTT, the reaction products analysed by

non-reducing SDS—-PAGE and correlated with their activity in gNA binding assay shows that while p50 treated with a

DNA binding assay. _ combination of diamide and a molar excess of DTT has fully
The polyclonal anti-p50 western blot analysis of the non-reducinggained its binding activity, the combination of SNP and 1 mM

SDS-PAGE suggests that in the absence of 1 mM DTT, theTT has completely inhibited p50 DNA binding activity (Fig.

majority of the SNP-treated pS0 is non-covalently associatggh). Thus it seems that while p50 DNA binding inactivation by

(although a significant amount of covalently linked pS0 dimer angiamide operates by formation of an intersubunit disulphide bond

higher molecular weight forms are visible). Whereas essentially ﬁﬁl\/olving residue C62 (this work and rég), the NO-donor SNP

of the diamide-treated p50 is present as covalently linked dimer s DTT) can inactivate NRB p50 DNA binding without the

higher molecular weight forms in the absence of 1 mM DTF¥ormation of any intersubunit covalent bond.

(Fig.6A). The relatively weak chemiluminescence signals from

the covalently linked p50 forms is probably due to poor transfer g%ass spectrometric characterisation of the NO

these high molecular weight species from the polyacrylamide bdification of p50

to the PVDF membrane. Comparison with the corresponding DN

binding assay reveals that, as expected, treatment of p50 with eitAsithe redox-sensitive p50 C62 residue has been implicated as the

SNP or diamide in the absence of DTT causes almost complete lpgsnary target of SNP-mediated inactivation of p50 DNA binding

of DNA binding activity (Fig6B). activity, a synthetic peptide corresponding to p50 residues 43—-77
In contrast, in the presence of 1 mM DTT, both the SNP an@f predicted average molecular mass 3933.47 Da) was studied by

diamide-treated p50 proteins are non-covalently associated edsctrospray ionization mass spectrometry. Initially the mass of

shown by non-reducing SDS—-PAGE (F4.). As expected, the the p50 peptide in a water:methanol:acetic acid (1:1:0.01)



2240 Nucleic Acids Research, 1996, Vol. 24, No. 12

A [ A B
WT. 8 I Fia DT il BT Mo ITT +lmd DTT
T 1 1
= BTFT + I mM DTT - T + L mM BTT - SNP M - SN Dis - ENP Dim - S5SNI Dis
[ I 1 1l 1 o
AP imM) . B0 BN 1 5 - 0 BL 0% - Rl 0 0d . MR TE
kD - iz
o b iy ' ™
n i m - -_“ 1]
WED -
(L1
14 kiy -

Figure 4. Demonstration of the lower sensitivity of a C62S p50 mutant towards
inhibition of DNA binding activity by SNPA) Wild-type p50 protein (0.7 ng)
was incubated in 1fdl of binding assay buffer with no addition of DTT, or
addition of DTT to 1 mM. This was followed by addition of SNP to the indicated
concentration.B) C62S mutant p50 protein (3.9 ng) was incubated jd &
binding assay buffer with no addition of DTT, or addition of DTT to 1 mM. This
was followed by addition of SNP to the indicated concentration. The positions

of DNA—protein complexes and free oligonucleotide probe are indicated by ‘B’ Figure 6. Qorrelatio_n .Of SNP's effect on pS0 D.NA binding ?‘Cti"‘ty with the
and 'F’ respectively. intersubunit association state of p50 homodimers, showing that SNP can

inactivate p50 DNA binding without forming an intersubunit disulphide bond.
p50 protein was reduced by addition of DTT to 25 mM, then the excess DTT
removed by passage over a Biogel P6 column. Aliquots containing 80 ng of p50
ﬁ B protein in 4Qul of 25 mM HEPES pH 8.0, 1 mM EDTA pH 8.0, 0.05% NP-40,
10% glycerol, 100 mM NaCl, 0.1 mg/ml BSA buffer were either untreated or
_ = supplemented with DTT to 1 mM and incubated on ice for 15 min. Following
this, aliquots were either left untreated, or SNP added to 10 mM or diamide

F" added to 0.2 mM and incubated for a further 15 min on &g F{fteen

Lo | microlitre samples (containing 30 ng p50) were removed from thgl 40
aliquots, 5ul of sample buffer minudmercaptoethanol added, and the mixture
heated to 100C for 2 min before loading onto a 10% SDS—polyacrylamide gel
and electrophoresis at 100 V. The mobilities of pre-stained molecular weight
standards are indicate®)(©ne microlitre samples (containing 2 ng p50) were

& removed from the 4fl aliquots and added to Lif of 25 mM HEPES pH 8.0,

I . : ak 1 mM EDTA pH 8.0, 0.05% NP-40, 10% glycerol, 100 mM NacCl, 0.1 mg/ml
1 amd  EH Al ! L BSA buffer and incubated 15 min on ice. Finally, 0.075 pm&P®fradio-

[SHAF] im) labelled 16mekB motif oligonucleotide probe was added and the mixture
incubated 15 min at 2C before loading directly on the non-denaturing gel and
electrophoresis at 200 V. The positions of DNA—protein complexes and free

Figure 5. Measurements of free NO concentrations in DNA binding assay oligonucleotide probe are indicated by ‘B' and ‘F' respectively.
binding buffer following addition of NO-donor compounda) NO meter

readings (World Precision Instruments Iso-NO) taken 3 min after addition of

SNP solution to 80 ml of DNA binding assay binding buffer supplemented with

1 mM DTT. B) NO meter readings taken 3 min after addition of SNAP 5 that seen with AP-1 transcription factor DNA binding activity
ﬁﬁfg‘;ebig‘nggﬂ;%%?o mi of DNA binding assay binding buffer, performed ;.\ o epeliar granule cell nuclear extracts, in that SNP treatment
inactivated AP-149). Interestingly, AP-1 transcription factor
DNA binding activity is also modulated by the redox state of a
solution was measured following transformation from a mas§onserved cysteine residue in each subunit of the difer (
charge scale to a true molecular mass scale as 3933.5 Da (Fig\lthough the concentrations of SNP and SNAP needed to
7A). Following exposure to the NO gas stream@rmin, a  inhibit the DNA binding activity of NfB proteinsin vitro in
significant fraction of the p50 peptide had been modified to yielthese studies were high (in the range of 0.1-1 mM) compared with
a species of mass 3962.6 Da (F8). This increase in mass of normal physiological NO concentratiofig,0 nM in the brain
29.1 Da would be consistent with the nitrosylation of the peptid@1), the concentrations of free NO as measured by the NO probe
with the loss of a hydrogen. A similar mass increase was se@g@re much lower (in the range 20-100 nM) suggesting that the
following treatment of the p50 peptide with the NO-donor SNAPNO-donor inhibitory species could be present at physiologically-

Frer ME1 da¥li
[Fem 50N el

&

(data not shown). relevant concentrations. Although the exact nature(s) of the
inhibitory species is uncertain, for the NO-donor SNP one
DISCUSSION candidate is NO which, unlike NO, can readily react with

thiolate groups to form RS-N=@,82).
As the common property of SNP and SNAP is their behawiour Intriguingly, a recent report has shown that NO can regulate the
vivo andin vitro as NO-donors, it seems likely that free NO or aeactivation of latent Epstein—Barr virus by down-regulation of
closely related species such astN€directly involved in then  the redox-sensitive viral transcription factor Zta. Since Zta can
vitro modification of NFKB proteins. This behaviour is similar activate the expression of its own gene, it was suggested that NO
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Figure 7.Electrospray ionization mass spectrometry of p50 amino acid residue 43—77 synthetic peptide before and after reaction with NO gas showing a 29.1 Da
increase following NO treatmenA) Original multiply charged mass/charge spectrum frqih(35 pg peptide) of p50 peptide in ultrapure water:methanol:acetic
acid (1:1:0.01) mixture B) Multiply charged mass/charge spectrum fropd §15 pg peptide) of p5S0 peptide in ultrapure water:methanol:acetic acid (1:1:0.01)
following NO gas saturation fab min and mass spectrometric analysis &€ min.

could inhibit Zta function by reaction with its reactive cysteineshown that the NOS inhibitor NMMA can significantly enhance
residue(s) either through S-nitrosylation or by acceleratintipe activation of NiB DNA binding activity following treatment
formation of an intersubunit disulphide bol@)( of a mouse macrophage cell line with bacterial lipopolysaccharide
The role of NO in modulating the activation of MB-in vivo  (LPS). The authors suggested that endogenous NO could have a
remains confused. In normal human peripheral blood mononuclesgative feedback or modulatory role on the regulation of the
cells, SNP and SNAP have been proposed to activate the latéMiE-kB factor, possibly involving modification of the conserved
cytoplasmic form of NRB family proteins and allow their nuclear NF-kB p50 cysteine 62 residugs).
translocation) in a process which was suggested to involve the It was recently demonstrated that the promoter/enhancer region
direct activation of guanine nucleotide-binding proteins by N®f the murine INOS gene contains twi® motif binding sites for
(34). Whereas more recent studies with human and bovine vascuifie-kB family proteins, one of whose function is critical for the
endothelial cells have suggested that NO-donor treatment coidiuction of INOS gene expression in LPS-treated macrophages
inhibit NF«B-dependent gene transcriptid@), this inhibition of  (25), similarly the human iINOS gene hasBamotif among the
NF-kB activation being shown to result from the protection otytokine-responsive elements in itfi&nking region26). These
IkBa from proteolytic degradation, and from the transcriptionakB motifs would be consistent with studies on human brain
upregulation of thekBa gene {0). Further recent studies have microglial cells showing that LPS plus tumour necrosis factor-
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induction of INOS gene expression could be inhibited by9
pre-treating cells with either SNP or NO gas soluti®). (This
presence of functionally importakB motifs in INOS genes has
interesting parallels with the transcriptional regulation of geneg
encoding kB inhibitor proteins which normally function to
maintain NFkB family proteins in the cytoplasm and to inhibit 12
their DNA binding activity. Thus,kBa gene promoters have
functionally importankB motifs 37-39), as have the NkB1
(p50 precursor) and NiB2 (p52 precursor) gene promotersig
(40,41).

Early studies of NiB-dependent HIV transcriptional enhancerls
activity indicated that chronic HIV infection of a human 16
monocytic cell line resulted in increased KEBE-DNA-binding
activity and activation of HIV proviral transcriptiomd). 17
Recently, significant levels of INOS mRNA were shown to bas8
present 6—7 days after infection of normal human monocytes with
HIV but to be undetectable in uninfected monocyte cultdf®s (
This correlated with NO levels, assayed as total nitrite formation,
in the culture medium rising from being undetectable tqQ®45 21
Interestingly while HIV reverse transcriptase activity in the
infected monocyte culture reached a maximum after 6 day®
activity fell dramatically after this, meanwhile NO levels peaked,
sharply then declined after 7 days post-infection. It seems
possible that this behaviour in HIV infected monocytes mighta

10
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Peng, H.-B., Rajavashisth, T.B., Libby, P. and Liao, J.K. (19D%ipl.
Chem, 270, 17050-17055.

Peng, H.-B., Libby, P. and Liao, J.K. (1993bBiol. Chem.27Q
14214-14219.

Kumar, S., Rabson, A.B. and Gélinas, C. (1984) Cell. Biol, 12,
3094-3106.

Matthews, J.R., Wakasugi, N., Virelizier, J.-L., Yodoi, J. and Hay, R.T.
(1992)Nucleic Acids Res20, 3821-3830.

Toledano, M.B., Ghosh, D., Trinh, F. and Leonard, W.J. (1@6B)Cell.
Biol., 13, 852-860.

Hayashi, T., Ueno, Y. and Okamoto, T. (1983iol. Chem.268
11380-11388.

Matthews, J.R., Kaszubska, W., Turcatti, G., Wells, T.N.C. and Hay, R.T.
(1993)Nucleic Acids Res21, 1727-1734.

Liu, J., Sodeoka, M., Lane, W.S. and Verdine, G.L. (1B&z). Natl
Acad. SciUSA 91, 908-912.

Clark, L. and Hay, R.T. (1988)ucleic Acids Resl7, 499-515.

Clark, L., Nicholson, J. and Hay, R.T. (1989Mol. Biol, 206, 615-626.
Ghosh, G., VanDuyne, G., Ghosh, S. and Sigler, P.B. (A28 373
303-310.

0 Mdller, C.W., Rey, F.A., Sodeoka, M., Verdine, G.L. and Harrison, S.C.

(1995)Nature 373 311-317.

Schreck, R., Rieber, P. and Baeuerle, P.A. (198B0 J, 10,

2247-2258.

Meyer, M., Schreck, R. and Baeuerle, P.A. (1#33B0O J, 12,

2005-2015.

Toledano, M.B. and Leonard, W.J. (19Bt9c. Natl Acad. Sci. USRS,
4328-4332.

Arenzana-Seisdedos, F., Thomson, J.A., Rodriguez, M.S., Bachelerie, F.,

have a periodic nature as an earlier study showed some evidencerhomas, D. and Hay, R.T. (199@pl. Cell. Biol, 15, 2689-2696.

for long-term oscillations in reverse transcriptase activity in afP
HIV infected monocytic cell line4@).

Thus one scheme could envisage cell activation leading to t
activation of DNA binding and the nuclear translocation of
NF-kB—in turn causing the transcriptional activation of a rangé?
of genes (including the INOSxBa and several NkB family
genes). NO produced by newly expressed iNOS might then actih
concert with newly synthesisexiB to inhibit the DNA binding 29
activity of NFKB and shut off the transcription of NdB-
responsive genes to allow the cellular RB/AkB system to
return to its initial state.
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