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ABSTRACT

The binding kinetics of NF- kB p50 to the Ig- kB site and
to a DNA duplex with no specific binding site were
determined under varying conditions of potassium
chloride concentration using a surface plasmon
resonance biosensor. Association and dissociation
rate constants were measured enabling calculation of
the dissociation constants. Under previously estab-
lished high affinity buffer conditions, the ky for both
sequences was in the order of 10 7 M~1s—1 whilstthe ky
values varied 600-fold in a sequence-dependent
manner between 10 ~1 and 10—4s-1, suggesting that the
selectivity of p50 for different sequences is mediated
primarily through sequence-dependent dissociation
rates. The calculated Kp value for the Ig- KB sequence
was 16 pM, whilstthe Kp for the non-specific sequence
was 9.9 nM. As the ionic strength increased to levels
which are closer to that of the cellular environment, the
binding of p50 to the non-specific sequence was
abolished whilst the specific affinity dropped to
nanomolar levels. From these results, a mechanism is
proposed in which p50 binds specific sequences with
high affinity whilst binding non-specific sequences
weakly enough to allow efficient searching of the DNA.

INTRODUCTION

The mammalian DNA-binding protein NEB p50 is a member

lipopolysaccharide, ultraviolet light, inflammatory cytokines and
bacterial and viral pathogens activate signal transduction pathways
leading to phosphorylation and ubiquitination eBl (1,7).
Consequent proteasome-mediatedB Iproteolysis results in
translocation of dimeric transcription factors to the nucleus where
they regulate transcription of a wide variety of genes. These are
involved in processes such as immune functions, antiviral and
antimicrobial responses, inflammation, apoptosis and even
processes as fundamental as limb developmigitl(0).

The specificity of NFkB for DNA is due in part to
homodimeric and heterodimeric permutations of monomeric sub-
units binding with different affinities to a range of binding sifi€s, (
thereby conferring varying transcriptional activities. RE--binds
regulatory elements of the promoter and up- or down-regulates
transcription through synergistic or antagonistic DNA—protein and
protein—protein interactions with other transcription factors. These
can be sequence-specific factors such as the zinc finger protein
Spl (2), or the basal transcription factors of the preinitiation
complex such as TBP and TFIIB which bind the transactivation
domain of NFKB p65 (L3). Since p50 homodimer has no such
domain, it is assumed to repress transcription by competition for
binding sites 14) unless nuclear cofactors, e.g. Bcl-3, are present to
form a transcription-activating ternary compléx?), Co-operative
binding of NF«B with high mobility group (HMG) proteins to
the same DNA sequence has been demonstrated as a prerequisit
for transcription from some promoters and is thought to be a result
of architectural changes in the DNA5-17).

The X-ray crystallographic structures of protein-DNA complexes

of a family of eukaryotic transcription factors that contain ehave been solved for homodimers of pb§19), p52 @0) and p65

300 amino acid region of high homology to tleé oncogene

(21), and the p50/p65 heterodimet).(These show the NiB

product (). The Rel homology region contains DNA-binding, monomer to consist of two immunoglobulin-like domains joined by

dimerisation and nuclear localisation functions. ®RB-p50 is

a flexible loop. The N-terminal domain contributes the majority of

synthesised as a 105 kDa precursor protein which is proteolyticatiye protein—-DNA contacts whilst the C-terminal domain mediates

cleaved to yield the mature transcription fac®r Dimerisation

dimerisation through a C2 symmetrical interaction of interdigitating

may occur between two p50 monomers, or between p50 and othgdrophobic residues projecting from the face®kheet. Since no
members of the family (e.g. p65:5) which may also possess structure is available for free dimer, a comparison with the

C-terminal transactivation domains.

DNA-bound protein to assess changes upon binding has not been

Dimeric Rel proteins are sequestered in the cytoplasm, remaiessible. However, conformational change of both DNA-binding
from their site of action in the nucleus, by association witldomain and DNA upon formation of a protein-DNA complex has
proteins of thekB family which are thought to mask a nuclearbeen inferred by circular dichroism (CD) spectroscopy and changes
localisation signal&). NF«B inducers such as phorbol esters,in protease sensitivity2@). The crystal structures of p50 and p65
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dimerisation domains have been solv&dad reveal no change in transcription vector pLM1-p5@@). A 5 ml saturated overnight
structure of this domain upon DNA-binding. The p50 structuresulture of BL21(DE3) [pLM1p50] in 2 TY (ampicillin 50ug/
reveal that there are a high number of phosphate backbone contatfswas used as the inoculum for a 500 ml culture which was
by basic residues of the DNA-contacting loop%19). Twelve of  incubated at 37C, 200 r.p.m. until an optical density of 0.4 was
the 18 phosphates of the target site are contacted by the protein wéthched. IPTG was added to a final concentration ofitDénd
a total of 18 phosphate contacts per DNA—dimer comglgx ( the culture was further incubated for 12 h. Cells were harvested
Therefore, it is possible that the initial recognition event is betwedsy centrifugation and the pellet resuspended in 25 ml of lysis
p50 and the negatively charged phosphate backbone of the DNauffer (50 mM Tris—HCI pH 7.4, 5 mM DTT, 1 mM EDTA,
with the DNA-binding domains assuming a tighter binding forml00 mM NacCl) supplemented with hen egg white lysozyme
upon specific sequence recognition. (Sigma) at 0.2 mg/ml. After 2 h at room temperature, further lysis
Previous kinetic studies of NEB/DNA interaction using and shearing of genomic DNA was achieved by sonication. The
electrophoretic mobility shift assays (EMSA) have identifiedysate was then cleared by centrifugation and quantitated at
high affinity Rel dimer—DNA interactions1{,23) and have 10 mg/ml by Bradford assay. DNA was precipitated by addition
shown that the protein binds to specific DNA sequences with af polyethylene imine (0.5% v/v) to 15 ml of the lysate which was
apparenKp in the order of 162 M. However, absolute values placed on ice for 15 min and then centrifuged. The supernatant
for Kp are often found to be buffer-dependent, and thevas recovered and 30 ml of saturated ammonium sulphate
physiological significance of such high affinities achieved irsolution was added to precipitate p50 which was then pelleted by
optimised buffers is unclear. Binding constants are usuallgentrifugation. The pellet was resuspended in 20 mM HEPES,
determined when the binding reaction is at equilibrium, an@ mM EDTA, 1 mM DTT, 5% (v/v) glycerol pH 7.4 and the p50
individual association and dissociation rate constants are rargdyrified by FPLC on a Mono S HR16/10 cation exchange column
determined with any accuracy. (Pharmacia) with a 0-1 M NaCl gradient. The p50 eluted at
Extensive studies on the binding of the repressor to DNA [400 mM NaCl. Protein purity was assessed by SDS—-PAGE with
have demonstrated the sensitivity of that system to salt concentrat@oomassie Blue staining and the concentration was determined
in vitro (24-26). However there is still a considerable degree ofo be 0.6 mg/ml using an accurate spectrophotometric meiipd (
uncertainty in the finer details of this protein-DNA interactionwith an extinction coefficient of 19 791 métnt? for native p50.
for example the relative roles of tetramerisation, interstrand
transfer, wrapping and looping of DNA and sliding in DNA pyplex DNA
recognition 27-29). As such, it is not yet clear whether the . o
repressor data will prove to be generally applicable to othdiwo duplex DNA molecules containing ankgp50binding site
DNA-binding proteins or notX?). and a non-binding control sequence were generated by annealing
The present study concerns the eukaryotic transcription facte®mplementary oligonucleotides of 30 bases in length, one of
NF-kB p50 which is known to differ in several respects from th&vhich was Shbiotinylated during synthesis. Annealing was
prokaryotidac repressor. For example, therepressor is a tetramer Performed with biotinylated and unbiotinylated oligonucleotides
utilising classic helix—turn—helix motifs in DNA recognition, at concentrations of 5 andi respectively in 10 mM Tris—HClI
whereas the p50 homodimer wraps itself around two thirds of tié1 7.4, 1 mM EDTA, 100 mM NaCl by cooling from 95 to°85
cylindrical surface of the double helix leaving only the minorover 30 min. The sequences of the oligonucleotides used in the
groove free. In addition, the functional requirements of a bacterigPnstruction of the IgB duplex were Sbiotin-AGCTT CAGAG
repressor protein and a eukaryotic transactivator might eGGAC TTTCC GAGAG TACTG-3 and the complementary
expected to result in significantly different binding kinetics, bottp'-GATCC AGTAC TCTCG GAAAG TCCC TCTGA-3. The
through their relative needs to compete for DNA binding wittinderlined region is the p50 binding site and in the biotinylated
other proteins and because the high degree of packaging S#fand of the non-specific control wa3@GA TCGGA
eukaryotic DNA might preclude extensive sliding as a mechanism
of sequence searching. It does not therefore seem reasonabf&P&R

priori to extrapolate directly from the kinetic and thermodynami . . .
analyses of thiac repressor-DNA interaction to the pSO-DN Acl'he SPR instrument was a BlAcore 2000 optical biosensor

interaction. However, a detailed understanding of the nature §f/ACore AB). Kinetic analyses of sensorgrams were performed
the NFKB—DNA interaction is of increasing significance given USing BlAeval 3.0 global analysis software based on algorithms for
the importance of this transcription factor as a therapeutic tard%lfmﬁ.ncal mmranon'&?@), and marlllually u.ls'glg sgAeadsheet aﬂ.d
(30,31). To this end we report here the use of a surface plasmgifPhing software. A commercially avaiiable sensor chip

resonance (SPR) optical biosensor to characterise the associa ﬁcore AB) was used which consisted of a thin gold film coated
and dissociation kinetics of binding of B p50 to specific and with a carboxymethyldextran hydrogel matrix to which streptavidin

non-specific DNA in buffer conditions of varying salt conceigra V@S cross-linked. The running buffer used for DNA immobilisation

; ; P d SPR assay was 10 mM Tris—HCI pH 7.4, 0.2 mM EDTA, 3mM
\é\éengg?e?ew'ate on the physiological significance of the dafr= 6,50 riton x-100, 10% glycerol and KCI at 75-150 mM.

This buffer was similar to that used in a previous EMSA analysis of
p50 @35). The buffer was freshly prepared, filtered through a
MATERIALS AND METHODS 0.22pum membrane and degassed prior to use.

NF-kB p50 homodimer DNA immobilisation

The active fragment of p50 consisting of amino acids 404356 ( The biotinylated DNA duplexes at 500 pM were injected at a flow
was expressed EEscherichia colBL21 (DE3) from the T7-based rate of 1Qu/min across individual flowcells of the sensor chip until
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20 response units (RU) had been immobilised. One response unit 100 -
corresponds to a surface density of DNATfpg/mn? (36). One 80 u/min
flowcell was left underivatised to control for non-specific protein
binding to the sensor chip matrix, bulk refractive index changes
between the injected solution and the running buffer and baseline
drift. After use, the sensor chip was washed in deionised water, dried
and stored over dry silica gel &Gl Reproducible levels of protein
binding were maintained for at least three sets of experiments.

RU

SPR assay

e . . . . 0 10 20 30 40 50 60
Purified p50 was diluted to nanomolar concentrations in running Time (s)

buffer and injected for 360 s at a flow rate of #0nin over
DNA-derivatised and control flowcells. The protein sample was_. . -
. igure 1. The effect of varying flow rate upon the observed association rate of
then replaced by running buffer at the same flow rate and thgsg (20 nm) with 20 RU of IgB-specific DNA.
protein—DNA complex allowed to dissociate for 1200 s. The chip
surface was regenerated with an injection of buffer supplemented

with 2 M NaCl for 10 s. All assays were carried out &5 An alternative method for determinir{p is by Scatchard
analysis of the equilibrium binding valueRef) for different

protein concentrations. This is only possible if the association phase
is long enough for the binding reaction to reach equilibrium. Since
Data were prepared for kinetic analysis by aligning sensorgrartite net rate of binding at equilibrium is zero, equal@an be
such that the points of injection were superimposed. Th&arranged t8.
srt]ansorgr%m from the underi\f/atised ﬂ?v(\jl cfizll wgsbSLIJEtrafcted from Red/C = (RmaxKp) — RedfKp) 8
those with DNA to correct for signal drift and bulk refractive ; ;
index changes. The process being observed can be describeJ B)e/refore, a plot dReqC againsteq has a gradient of 4.
the equation:
. ka .
[DNA] + [Protein] i [Protein—DNA complex] 1 Mass transport-limited binding
Upon injection through the SPR flow cell, the protein solutionhe effects of mass transport upon binding were examined by
is replenished within the system so the protein concentratigibmparing the observed association rates at varying flow rate.
effectively remains constant at the initial valGe The total  The rate of association was shown to increase with increasing flow
amount of DNA ligand present is expressed in teriaf the  rate (Fig.1) which is a characteristic of mass transport-limited
maximum possible response and the amount of complex formgghding 37). This occurs when the binding of the analyte to
is proportional tdR, the observed response. Thus, after tithe  |igand is faster than the diffusion of the analyte from the bulk
concentration of analyte@and the amount of free DNA is given solution to the ligand at the surface. This also results in increased
by Rmax—R. The rate of formation of the protein—DNA complex rebinding of the analyte in the dissociation phase, as the released
(dR/dt) can therefore be expressed in the form of equatidiich  analyte can rebind to free ligand before removal into bulk
can be rearranged & solution. To minimise these effects, very low levels (20 RU) of
dR/dt = kaC(Rmax—R) —kgR 2 DNA were immobilised and a _high flow rate was employaﬁ).(
AR/t = keCRiax— (eC + k)R Optimisation of these experimental conditions increased the

. . region of association and dissociation data that could be used in
Sensorgrams were recorded for four protein concentratiofge kinetic analysis of p50 binding.

ranging from 2.5 to 20 nM andRtit againstR was plotted for
each concentration. The gradient of each of these kg3 kg) indi i . i
represents the observed association raggs-A plot of kKgps Binding to specific and non-specific DNA
againstC allowsk, to be determined from equatidn A buffer in which p50 binds to specific DNA with picomolar
—kops = kaC + kg 4 affinity (35) formed the basis of the running buffer for the SPR
Rl ) ) assays and contains KCI at 100 mM. The KCI component of this
At the end of the sample injection, the protein solution wagyffer was also adjusted to 75, 125 and 150 mM to investigate the
replaced by running buffer and the bound protein dissociategfect of salt concentration on p50 binding. Sensorgrams for the
from the immobilised DNA. Since the concentration of protein ilhinding of a range of concentrations of p50 to immobilised
the running buffer was zero, and assuming negligible rebindin;;J_KB_SpeciﬁC DNA and non-specific DNA were obtained (Flgs

SPR data analysis

RESULTS

equation2 simplifies to5. and3).
dR/dt = k4R 5 This data set was fitted globally to a model describing mass
In (Ry/Ry) = kq(t —to) g transport-limited binding of an analyte to ligand using algorithms

supplied with the BlAeval 3.0 analysis packag®).(Global fittin
Integrating5 leads to equatiofi which shows that a plot of In ¢ F':ﬁe data shown in Figua—d g]/avelga = ali?x( 100 M—lglg

(Ro/Ry) against g — to) has a gradienky. The dissociation . =1 3x 10451 and an affinity of 8.6 pM (overalf = 4.2). From
constantKp) can be obtained from the ratio of the rate constants ;g a inspection of the global fit, however, it was apparent that the
Kb = kg/ka 7  fitted dissociation rate was faster than the observed dissociation rate.
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Figure 2. Sensorgrams of 20, 10, 5 and 2.5 nM#B-p50 binding to 20 RU Figure 4.Plots of kypsagainst C for the association data of RE-p50 binding
of immobilised IgkB-specific DNA (a—d) and non-specific DNA (e-h) in  to 20 RU of immobilised IgB-specific DNA (a) and non-specific DNA (b) in
running buffer containing 100 mM KCI. The upper curve of each series running buffer containing 100 mM KCI. The gradient of the lingis
corresponds to the highest concentration of p50.

from the regions of the DNA duplex flanking the binding site

masking the true dissociation rate for specifically-bound p50. The
70 -

kq for specifically-bound p50 was determined from the later phase
60 |- @ (500-1000 s after the start of dissociation) once the initial faster
so ® dissociation had diminished. In this specific dissociation peric_)d,

the surface of the flowcell remains almost fully saturated with
40 |- specifically bound protein due to the slow rate of dissociation,

2 30| thus rebinding in this phase would be expected to be minimal. The
20 L values ofky for p50 dissociation from 1gB and non-specific
© DNA are shown in Tablé.

10 | @
0 | Lo . 2?)) Table 1.Kinetic constantsk andkg) and calculated and measured

dissociation constant&f) for binding of p50 to Ig«<B and

0 200 400 600 800 1000 1200 1400 non-specific DNA

Time/s

Rate constant Kp (M)
Figure 3. Sensorgrams of 20 nM NEB p50 binding in 75 mM (a and d), 1 §
100 mM (b and €) and 125 mM (c and f) KCI buffer t&Ryspecific DNA (a—c) KCl GnM) DA kM%) k() kalky Scatchard
and non-specific DNA (d—f). Data for 150 mM KCI buffer are omitted for clarity. 75 Ig-<B 33x 106 41x10%5  13x1011  1.6x109

non-specific 3.3 x 106 1.1x 102 3.3x10° 7.7 % 109

100 Ig-xB 6.4 %106 1.0x 104 1.6 x 1011 3.2x10-10
Fpr .thIS reason, the association and dlS_SOClatlon phases of the non-specific 61x106  60x102  99x109  38x 108
binding curve were analysed separately using manual methods. 125 Tg-+B 84x105  66x104  78x101  66x1010
The association rate constants for binding to specific and - o

=, non-specific No binding observed -
non-specific DNA at both 75 and 100 mM KCI were almost - s 17 sox10 " »
identical (Fig.4; Table1). At 125 and 150 mM, no binding to gxB o MIXIT 99A0T 83ATE 290
non-specific DNA was observed, so valueskpcould not be non-specific  No binding observed - -
obtained. The association rates increased slightly with increasing
salt concentration (TablB. The dissociation rates for both non-specific DNA andBg-

The non-linearity of the dissociation plot for non-specific DNAincreased with KCI concentration, but to different degrees. The
(Fig. 5a) was probably a consequence of mass transport-limitedtes of dissociation of p50 from non-specific DNA relative to
rebinding of dissociated p50, since the rate of dissociatiaimose from IgkB were 268-fold higher in 75 mM KCI and
decreased as the extent of dissociation increased (i.e. more s&66-fold higher in 100 mM KCI. This ratio could not be
became available). Since this effect would be minimal during théetermined in 125 and 150 mM KCI buffers, as no binding of p50
initial period of dissociation when the density of free DNA wagdo non-specific DNA was observed. However, the similarity in
low, the value oky was calculated from the initial 10 s of the association data obtained for specific and non-specific sequences
dissociation phase of the sensorgram for the highest concentratairy5 and 100 mM KCI, and also from a comparison of different
of p50 (Tablel). In contrast, the dissociation plots fordg-  specific sequences in 100 mM KCI buffer (data not shown),
suggested a biphasic process whereby a short period of rapighgests that the association rate would be equal to that observec
dissociation of a small amount of material gave way to a longavith Ig-kB. The absence of apparent binding is most likely a result
period of slow dissociation (Figb). This type of phenomenon of salt-induced high dissociation rates preventing accumulation of
has been observed previously in DNA—protein interactions arafotein on the DNA to a detectable level.
was attributed to heterogeneity in immobilised DNA or protein The measurement of bdthandky allowsKp to be calculated
(39). Here it can perhaps be accounted for by dissociation of p@quation?) (Tablel). WhilstKp values for binding to IgB in
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3 (@) k,=6.0x 107 o 40 03 carrier DNA in the SPR running buffer is not practically possible,

& as the binding of p50 would be obscured because the majority of
the protein would be bound to the carrier DNA during the
injection across the flowcell. It would also preclude analysis of
binding to immobilised non-specific DNA. A reduction in the size
of the flanking region of the duplex DNA was not considered
suitable, since it has been suggested that p50 contacts the
phosphate backbone of the DNA beyond the binding site in an
uncharacterised mannérdj.

In(RU/RU,) non-spec. DNA (a)
(@) vNa 0ads (‘nu/nuul

DISCUSSION

0 200 400 600 800 1000
tt, (5) We have characterised the kinetics of the interaction between
NF-kB p50 and both specific and non-specific DNA under a
range of salt concentrations using SPR, a technique which permits
Figure S.Plots ofn(Ry/Ry) againstig ~to) for the dissociation of 20 nM NkB the observation of binding events in real time. Individual rate

p50 from non-specific DNA (a) and kgB-specific DNA (b) in running buffer

containing 100 mM KCI. Each fourth data point is shown. constants may thus be determined with an accuracy not possible

by other techniques such as EMSA or filter-binding assays. Using
this technique, we have uncovered several features of the
interaction between p50 and DNA which were previously
75 and 100 mM KCI buffer were similar (13 and 16 pM), theuncharacterised, and which in addition showed significant
protein both associated and dissociated more rapidly in the lattdeviations from the previously reported behaviour of ltte
The affinity of p50 for non-specific DNA was much lower thanrepressor system.
for 1g-kB, and this was entirely manifested in the different Under buffer conditions similar to those previously reported as
dissociation rates. The calculated valud§pfor binding of p50  giving picomolar binding affinities of p50 to target DNA
to non-specific DNA in 75 and 100 mM KCI buffer were 3.3 andsequences3f), we have determined &y of 16 pM for the
9.9 nM respectively, which showed that non-specific binding waisiteraction of p50 with the IgB binding site. This is broadly in
reduced at higher salt concentrations. Again, the lower affinity aigreement with values determined previously by equilibrium
the higher salt concentration was despité4fold increase in  methods 11,16,35,40). However, unlike previous equilibrium
association rate and due to the higher dissociation rate. It was stidies, we have also been able to quantify the affinity of p50 to
possible to calculateléy for non-specific DNA at 125 and 150 mM illustrative non-specific DNA under the same conditions, and we
KCI, but presumably it is very high in comparison txE)- found that theKp for this interaction wag1l0 nM. Since
Scatchard analysis of equilibrium binding values permitted aanomolar affinities of proteins for DNA are often associated
direct measurement d€p in a manner analogous to EMSA with specific recognition events, the question of specificity is
analysis. Th&p values for binding of p50 to non-specific DNA raised; the great majority of DNA sites that p50 encounters in the
were close to the calculated values (Tableln contrastKp  cell are not tight binding sequences, so a mechanism must exist
values for binding to IgB were significantly higher when to allow efficient sampling of DNA and yet allow tight binding
calculated from the rate constants than from the Scatchamgpon sequence recognition.
analysis (123-fold at 75 mM KCl to 4-fold at 150 mM KCI). This Itis notable that the 620-fold variation in overall affinity of p50
discrepancy could perhaps be accounted for by assuming that g&0specific and non-specific DNA at 100 mM KClI is manifested
was binding non-specifically to the flanking regions of the 30 bpvholly in the different dissociation rates (Taldle Our data
DNA duplex in addition to the 10 bp binding site. In conditions ofuggest that the association kinetics, which & 1@ M—1s-1are
decreasing non-specific binding, i.e. increasing salt concentraticappproaching the diffusion limit, are dominated by sequence-
this perturbation of equilibrium binding data would be expectethdependent long range electrostatic interactions between p50
to become less significant, resulting in a greater similarittnd DNA in accord with expectation. Dissociation kinetics,
between calculated and measured affinities, as observed. Th@wvever, might be expected to be strongly sequence-dependent
rationalisation is supported by the observation of biphasisince, whilst there is no crystal structure available for p50
dissociation from specific DNA at lower salt concentrationscomplexed with non-specific DNA (or even p30ree), it seems
Since the method for determination lgf for 1g-kB described  likely that the contribution to affinity of the specific base-contacts
above involved measurements in the period of the dissociatidrom the recognition loop is only maximised when a target
phase once putative non-specific dissociation had diminishesequence is bound. At this point the number of strong protein—DNA
this component of binding to the specific duplex was eliminateaontacts would nearly double, and so the dissociation rate should
accounting for the difference between affinities determined bslow down significantly, as observed.
Scatchard and kinetic analyses, and strongly suggesting that th&he relatively high affinity of p50 for non-specific DNA at
calculatedKp, for specific DNA is more representative of the true100 mM KCl led us to question the physiological relevance of the
value than the measured value. In EMSA analyses, the presede¢a. To address this matter further, the binding kinetics were
of high concentrations of non-specific bulk carrier DNA inmeasured over a range of salt concentrations, since it is
addition to the binding duplex eliminates this effect by competingecognised that protein—-DNA interactions can be sensitive to
for this non-specific component of binding. As a consequenc@nic strength41). A high dependence of binding specificity on
EMSA binding reactions must be left for significant periods ofalt concentration was observed when the binding buffer was
time before equilibrium binding is obtained. Inclusion of bulksupplemented with 75-150 mM KCI. Our expectation was that
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theKp would increase with increasing salt concentration due, abonovalent and divalent salfsj), the magnitudes and directions
least in part, to the dependence of electrostatic interactions on thfethese salt effects clearly differ between the two proteins.
inverse of the dielectric constant of the buffer, and that this drop The data presented here also illustrate the difference between
in affinity would be manifested through both slower associatiospecificity and affinity of p50-DNA interactions within the salt
rates and faster dissociation rates. However, this predicti@oncentration range studied. Although the absolute affinity is
proved to be only partially correct since the association ratdsghest at 75 mM KCI, thEp of 13 pM for specific DNA is at
actually increased slightly as the salt concentration increas#ie expense oflép of 3.3 nM for non-specific DNA. This would
(Tablel). It has previously been postulated that in DNA bindindikely be problematicin vivo since the high concentration of
systems where the association rate constant is below the diffusiaen-specific binding sites on chromosomal DNA would reduce the
limit, a weak dependence kefon salt concentration is indicative rate of specific association unless very high nuclear concentrations
of conformational changes occurring prior to bindigg)(It is  of p5S0 were present. At 125 mM KClI, however, a 6-fold weaker
possible here that the changes in salt concentration subtly aff&gs (78 pM) for specific DNA was observed in the absence of any
the conformation of free protein or DNA, and that this could irfletectable binding to non-specific DNA, a situation which would
turn affect the association rates. Appealingly, this would bperhaps be more appropriate for the correct functioning of a
consistent with other data which strongly suggests that sortr@nscription factoim viva. Whilst we are not claiming that our
structural reorganisation does indeed occur on binding of p50 lwiffers are nucleoplasmic in nature, on the basis of the data
DNA (22). presented here we do suggest that the picomolar binding affinity
When the salt dependence of the dissociation rate constants wa$50 routinely quoted in the literature is of little physiological
measured, it was observed that as the salt concentration wakevance, and that the binding we have observed at higher salt
increased from 75 to 150 mM KClI, the dissociation rate fogoncentrations is perhaps more relevant tinarivo situation.
specific DNA increased150-fold (Tablel). It was apparentfrom Our data seem to point to a remarkable fine-tuning of the
the data that the increase in dissociation rate with salt concentratibieraction between p50 and DNA in the physiological salt
was roughly logarithmic. This strongly suggests that the interactigiPncentration range, often quoted as being 140 mMoK
between p50 and its target DNA has a highly co-operativé55 mM total cation 43), to allow very rapid sampling of
dependence on ionic strength, consistent with the fact that tAdailable sites on chromosomal DNA until a target sequence is
p50-DNA interaction is almost exclusively coulombic in naturdound, at which point tight binding occurs. We have shown that
(18,19). This situation is more apparent in the binding of p50 t@ven quite subtle changes in salt concentration in this range would
non-specific DNA over the salt concentration range studied@ave marked effects on this process as a result of the very strong
From 75 to 100 mM KCI the dissociation rate for non-specifigalt dependence of the dissociation rate constants for specific and
DNA increased 5.5-fold, but by 125 mM KCI no binding washon-specific DNA. In addition, the association and dissociation
detectable. Since the association rates for specific and non-spedifites we have measured at the higher salt concentrations suggest th
DNA are essentially identical at the two lower salt concentratiodyF-kB pS0 may sample transcriptionally active chromosomal DNA
studied, it seems reasonable to suppose that this trend contintiggugh an efficient on—off mechanism and that a sliding
at the higher salt concentrations and that therefore the associatiB@chanism may not be necessary here.
rate for non-specific DNA continues to increase slowly with
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