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ABSTRACT

Fluorescence anisotropy and fluorescence correlation
spectroscopy measurements of rhodamine-labeled
DNA oligonucleotide duplexes have been used to
determine equilibrium binding constants for DNA
binding of the prokaryotic transcription activator
protein NtrC. Measurements were made with wild-type
NtrC from Escherichia coli and the constitutively active
mutant NtrC S160F from Salmonella using DNA duplexes
with one or two binding sites. The following results
were obtained: (i) the dissociation constant Ky for
binding of one NtrC dimer to a single binding site was

the same for the wild-type and mutant proteins within

the error of measurement. (ii) The value of Ky decreased
from 1.4 £0.7 x 1011 M at 15 mM K acetate to 5.8 +2.6
x 10~2 M at 600 mM K acetate. From the salt dependence
of the dissociation constant we calculated that two ion
pairs form upon binding of one dimeric protein to the
DNA. (iii) Binding of two NtrC dimers to the DNA duplex
with two binding sites occured with essentially no
cooperativity. Titration curves of NtrC ~ S160F pinding to
the same duplex demonstrated that more than two
protein dimers of the mutant protein could bind to the
DNA.

INTRODUCTION

signal transduction systems. It is regulated as a transcriptional
activator by phosphorylation at Asp54 of the conserved receiver
domain 8,9). In vivo the cognate histidine kinase NtrB (nitrogen
regulatory protein B, also designated nitrogen regulator Il g) NR
autophosphorylates under nitrogen limitation conditions and serves
as a phosphate donor for this reacti@il@. Because of its
autophosphatase activity the phosphorylated protein is not stable in
solution. The half-life of the phosphorylated proteiriismin at
37°C (10,11). Constitutively active mutants of NtrC that do not
require phosphorylation to activatanscription by RNAR®4 have

been describedlp-14). In particular, a substitution of serine to
phenylalanine in the central domain close to the ATP binding
motif results in the mutant NtR&SOF which shows some
transcriptional activity without being phosphorylated.

NtrC is a dimer in solutionlf,16) and binds as a dimer to a
single binding site, as demonstrated by gel electrophoretic
analysis {7) and analytical ultracentrifugatioh®). Phosphorylated
wild-type NtrC and the Ntr€160F mutant bind with high
cooperativity to two adjacent binding sites, as shown by
nitrocellulose filter binding, gel shift experiments and quantitative
DNA footprinting (L7—19). In a number of studies it has been
concluded that oligomerization of phosphorylated NtrC dimers is
required for formation of an active NtrC complex7,20,21).
Higher order complexes of NtrC dimers have been observed by
electron microscopy6(17,22) and scanning force microscopy
(7,21). The complexes were too unstable to be studied by gel
electrophoresisl(/). However, a detailed analysis of the different
association states of wild-type NtrC protein has been conducted

NtrC (nitrogen regulatory protein C, also designated nitrogerecently by analytical ultracentrifugatiohd).

regulator | or NR) from enteric bacteria is one of the activator Here we have used thermodynamically rigorous fluorescence
proteins of RNA polymerase complexed with ## sigma  spectroscopy measurements to follow binding of NtrC to DNA.
factor (RNAP@>* holoenzyme) for a variety of genes that areEquilibrium binding of NtrC to DNA was monitored by
involved in nitrogen utilizationl)). The distal location of the NtrC fluorescence anisotropy (FA) and fluorescence correlation
binding sites foundn vivo requires looping of the intervening spectroscopy (FCS) measurements. The experiments were
DNA for interaction with RNARs®4 at the promoterX-5). The  conducted with DNA oligonucleotide duplexes which carried
looped complex between NtrC and RN&P*that can form in  either one (ES+ho) or two (ES-2h) NtrC binding sites and which

the presence of ATP has been visualized by electron microscopgre labeled with the fluorescent dye tetramethylrhodamine
(6) and scanning force microscopy).( NtrC is a response (Fig.1). These duplexes showed a certain (low) fluorescence
regulator that belongs to the protein family of two-componerdinisotropy in the absence of bound protein. The anisotropy
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ES-1,,, DNA duplex (single NtrC binding site)

ES-2,,, DNA duplex (two NtrC binding sites)

TCAG‘I‘

3'-AGTC

,TAATGTTAACATTAA
ATTACAATTGTAAT

Figure 1. DNA oligonucleotide duplexes ESp} (32 bp) and ES:R, (59 bp) used for the binding studies. The nucleotides responsible for the dyad symmetry of the
binding sites are shaded grey. The NtrC binding site in these duplexes corresponds to the high affinity NtrC bindingpgtegtrezlpromoter oftrB (18).

increased if protein was bound to the duplex. This is due tmelting curves of the single strands and extrapolation of the linear
reduced rotational mobility of the protein-DNA complex.increase in extinction coefficient between 50>8@nd 25C. By
According to the Perrin equatioh3) anisotropy of a fluorescent this procedure we determinegso values at 25C of 341 000
complex increases with its volume. Thus changes in anisotrogshodamine-labeled strand in Egg), 303 000 (complementary
of fluorescently labeled DNA duplexes can be exploited tstrand in ES-}), 598 000 (rhodamine-labeled strand in E&)2
monitor protein binding and also protein—protein interactions iéind 531 000 Mcnt1 (complementary strand in EG:g) for the
they involve a protein—-DNA complex. This approach has beeRNA oligonucleotides shown in Figute The contribution of
used successfully in a number of studigs-27). rhodamine to the absorbance at 260 nm was determined from the
FCS measures mean diffusion times and concentrations bpectrum of tetramethylrhodamine 5-isothiocyanate to be 36% of
evaluating fluctuations in the fluorescence intensity that have thdtlie rhodamine absorbance at 554 nm. Since at the latter
origin in the Brownian motion of fluorophores through a smallwavelength no DNA absorbance is observed the rhodamine
volume element. This volume element is defined by the focus absorbance at 260 nm could be extracted from the absorbance
the excitation light beam, with dimensiond 6t3x 0.3x 1.6um  spectra of the rhodamine-labeled DNA oligonucleotides.
(2 x 10716 |) for the instrument used here. The measured Duplexes were prepared by mixing ilM complementary
fluctuations in the fluorescence signal depend on the speedsatgle strands in 10 mM Tris—HCI, pH 7.5, 0.1 mM EDTA and
which the fluorophore moves through the focus. Since thannealing by heating to 7C followed by slow cooling to room
diffusion time of rhodamine-labeled DNA duplexes increasetemperature over several hours. With the known concentrations
upon binding of protein, determination of the diffusion time viaof the single-stranded stocks the extinction coefficients of the
FCS can be used to follow the binding process. The principles afiplexes were determined from absorbance measurements to be
FCS were developed more than 20 years 2§e(). However,  £x50= 478 000 (ES+ho) and 904 000 Mcnr (ES-240) at 25 C
only technical improvements made over the last few years haire10 mM Tris—HCI, pH 7.5, 10 mM NaCl and 0.1 mM EDTA.
led to an increasing number of applications for this techniqu&nalysis of the duplexes on native polyacrylamide gels and titration
(31-37). Both FA and FCS measurements are non-invasive amd single strands with the respective complementary strand were
salt concentration, pH and temperature can be controlled ovecenducted as described¢0f to check the purity of the sample and
wide range. Protein—DNA interactions can be quantified free ithe stoichiometry of duplex formation. Gel electrophoretic analysis
solution to derive binding parameters from the analysis aff the samples of ESthy and ES-go DNA used for the
titration curves, as done here for DNA binding of NtrC. fluorescence measurements showed that >95% of the DNA was
in the duplex conformation.

MATERIALS AND METHODS
Plasmids and proteins

DNA oligonucleotide duplexes . . .
Wild-type NtrC was purified as describétD). For overexpression

HPLC-purified DNA oligonucleotides were purchased from MWGof NtrCS160F the protein expression vector pNTRC-1 was
Biotech (Ebersberg, Germany). One of the strands in the duplexamstructed by cutting plasmid pJES3%2)(with Ndd and
studied was labeled with tetramethylrhodamine attached to tiBanHI| and ligating the resulting fragment, carrying the gene
5'-end of one oligonucleotide via a@minoalkyl linker. DNA  encoding NtrE160F from Salmonella into the same sites in
fragment ES-}, contained a single symmetrical binding site,pET15b (Novagen). The sequence of MiteCS160F gene in
while fragment ES+8, had two identical binding sites whose pNTRC-1 was confirmed by DNA sequencing. From this vector
centers are separated by exactly three turns of DNAYFighe  NtrCS160Fwas expressed with an additional N-terminal His tag
extinction coefficients of the single strands were determined dmving the sequence MGSSHHHHHHSSGLVPRGS, which
described38) from the extinction coefficients of the dinucleotide allows affinity purification using a Ni-chelating resin. Expression
composition according to the data set presented in Puglisi aadd purification of Ntr€160Ffrom pNTRC-1 was according to
Tinoco (39). The calculated values for the single strands werthe same procedure used to purify the His-tagged mutant protein
corrected for formation of secondary structure by recordingltrCP>4E.S160F(7) The purified protein stocks were kept at
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—20°C in a buffer containing 10 mM Tris—HCI, pH 8.0, 50 mM For binding of NtrC to the ESyg fragment, which has two

KCI, 0.1 mM EDTA, 1 mM DTT and 50% glycerol (v/v). The binding sites, the model is more complex. Under our reaction
extinction coefficients of NtrC were calculated from the aminaonditions no more than two wild-type NtrC dimers bound to the
acid sequence to be 46 400 (monomer) and 92 8d@nvtl  ES-2, fragment. Thus a two-step model where one and

(dimer) at 280 nm42). subsequently a second protein dimer is bound to the DNA
accounts for this situation. This model is described by the
Fluorescence anisotropy measurements macroscopic dissociation constalkisfor binding of one protein

) ] dimer andK> for binding of the second protein dimer.
Fluorescence anisotropy measurements were done with a SLM

8100 fluorescence spectrometer (SLM Aminco Inc.) and either a Dire + Pron <= DP K. = Dirce * Prree 2
L- or T-format set-up. The excitation wavelength and the left free™ Firee ! DP
emission channel wavelength were selected with double-grated
monochromators using a 16 nm bandpath for maximum intensity.
In the right emission channel scattered light was suppressed with
a 570 nm longpass filter. Excitation was at 540 nm and thle
emission monochromator of the left emission channel was set
580 nm. For each anisotropy value five measurements were tak
and averaged. The integration time was 8 s for the L-and 4 s
the T-format measurements. Using this integration time bo
measuring methods showed about the same standard deviati
For titration, cuvettes (18 4 mm) were silylated with a 5% Ack tal (42) which ai tiod
solution of trimethylsilylchloride in toluene. The binding buffer, ckerset al (43), which gives equatiod.
which was also used in the FCS experiments, contained 10 mM Kqg 4 - K,
Tris—acetate, pH 8.0,0.1 MM EDTA, 0.1 mg/m| BSA, L mM DTT Ki=% and k;, = K, 4
and 0.1% NP-40 detergent (Boehringer Mannheim, Germany) o o o
and was supplemented with 15, 150 or 600 mM potassium acetat¥/alue ofki> = 1 would indicate that binding to the two sites is
as indicated. All measurements were made a€2%o0 500ul independent, whereas valueskpf> 1 would represent positive
DNA solution in the given buffer was added stepwise a proteifooperativity andi> < 1 negative cooperallggllzty. For analysis of
solution diluted in the same buffer. During the experiment thé1e€ titration curves of ESrgwith the NrG16% mutant a model
protein stock solution was kept on ice. Depending on the protei#s used in which in a first step two N#€%Fdimers bind highly
concentration, up to 208 protein solution was added in total. Cooperatively K12 > 40) to the DNA (equatiorsand3) and in

The decrease in DNA concentration during the titration was takéhSecond step two additional dimers bind, also in a cooperative
into account in the analysis of the data. manner, to this complex, with a dissociation condfanto form
a tetramer of dimers.

DP+Pree = DP; K= po= 3
these and in the following equatiBulesignates an NtrC dimer.

ing into account that the two binding sites are identical, the
'ssociation constants can be expressed in terms of the microscopic
Issociation constant for a single skg which equals the
acroscopic dissociation constgidetermined from binding to
uplex ES-Jo and a cooperativity constakt, as defined in

Data analysis of fluorescence anisotropy measurements DP., - P2

, o . DP, + 2- Piree < DPy Ky=—2_ Ifee 5
A single step binding model was used for the analysis of the DP,
binding isotherm of DNA fragment ESnd (one NtrC binding  The data were fitted to these two models using the program
site). The binding isotherm for this equilibrium can be solveg|OEQS ¢4,45). BIOEQS fits theAG of formation of each
analytically ¢4). The data were fitted to the analytical formulaspecies in the model to the data, setting the free energies of free
(equatiortl) using the Marquardt non-linear least squares algorithmyrotein and free DNA to zero. Thus for binding of wild-type NtrC
Parameters of the fit were the anisotropies of free and bound DNAee equationg and3) the fitted parameters included th&

(Ap andApp) and the dissociation constay. values corresponding to dissociation const&atandK, and
anisotropies for free DNA duplex and the 1:1 and the 2:1 protein—
_ a—Ja*>4 - Dy * Pyt DNA complexes. For binding of Nt&80F according to the
A = Ag + (AorPo) ! _ | .
2+ Dy mechanism described by equatioBds 3 and 5 the fitted
with a = Dot + Prot + Kgis 1 parameters werdG of formation, corresponding t&;-Ko

L (formation of a complex of ESi, with two NtrC3160Fdimers)
The paramete® equals the degree of binding. The totalynqk, (formation of a complex of ESy with four NtrCS160F
concentration of DNA duple®iot and proteirPyt (Corresponding  gimers) and anisotropies for free DNA and the 2:1 and
to the concentration of NtrC dimers) was known in thesg.q protein-DNA complexes.

experiments. Equatioh implicitly assumes that anisotropy is a
linear function of the concentrations of the fluorescent Species, ,,oscance correlation spectroscopy measurements
This assumption is correct only if the quantum vyield and the
absorption coefficients do not change upon binding. To confirivleasurements were made in a Confocor instrument (Zeiss, Jena
that this was the case for the system studied here the fluoresceand Evotec, Hamburg). An argon laser with 20 mW power at
emission spectra of free E@d and ES-Z,o DNA were 514 nm was focused by a water immersion Zeiss C Apochromat
compared with the emission spectrum obtained after addition 40x 1.2 objective. A 5Qum pinhole was used in the confocal
saturating NtrC protein concentrations. Since the intensities addtection channel. The samples were measured on lab-tek
shape of the fluorescence emission spectrum showed virtually doamber slides with eight chambers andib#0um thick cover
change upon binding of protein the simple formula of equéationslide on the bottom (Nunc, Denmark). The focus of the lens was
could be used to analyze the measurements. placed inside the solution to be analyzed@®@Dum above the
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inner surface of the cover slide. The intensity of the fluorescence a —Ja4 - Dy * Py

signal was reduced @0 kHz (50uW incident laser power) by 0= 5D 8
attenuating the excitation laser beam with an appropriate neutral ol

density filter to avoid bleaching of the dye molecules. All

experiments were carried out with 1 nM E§lin the same RgSULTS

binding buffer as used for the FA measurements and the indicated

potassium acetate concentrations. At the beginning of ea&toichiometric binding to a single binding site

experiment the diffusion time of DNA fragment Egglwas

determined by averaging five measurements of 200 s each. A s;uc!y bl!ndlng IOf I_\(IjtrC to a single binding S'ti.v‘;]e. us;]ad a
outlined below, this measurement was also used to determine ﬁ%@t etic oligonuc eot|| e, I,[Ehs"l” carr;:mrrgf;ételzl__p,i/v IIZ(? Ln the
instrument parameters, which were dependent on the size of i TERGHCCR TSRS ORI RA GO T
focus volume which varied slightly from one experiment to tock solution from the FA monitored titration with DNA dlE) lex
another. After addition of protein solution and an incubation tim%s_]ir (Fig. 2A). For wild-type NtrC anisotro increaged
of T4 min to reach equilibrium the correlation functions were TO 'tr?. oo brotoin' tr? o] oart of Py Tt
recorded for 100 s for each point of the titration. Inearly with added protéin in the initial part or the curve. 1hus a
the beginning the added protein was bound quantitatively to the
DNA. The anisotropy changes became smaller and finally reached
Data analysis of fluorescence correlation spectroscopy a plateau. The plateau reflects anisotropy of the 1:1 complex of the
measurements DNA fragment with one NtrC dimer. Extrapolation of the initial
linear increase to the final anisotropy yielded the point at which
The correlation functions for titration of Egd DNA with  equimolar amounts of protein were added to the solution.
wt-NtrC were fitted with the FCS access fit software package In contrast to wild-type NtrC, mutant Nt#&59F showed no
according to the extended correlation function including tripleplateau in its binding isotherm (FigA). Two linear sections
states 46). could be distinguished. The first resulted from the strong binding
of one NtrC dimer, the second was assigned to additional binding of
. NtrC dimers to the DNA—protein complex. The intersection of the
N - Ted extrapolated linear regions led to the equivalence point, i.e. the point
4 /2 4 /2 where the ES;@o DNA binding site was saturated with protein.
(1—9)(1+—) (1 L ) +91+7) (1 ;) -6
P, P

Gir) =1+

. From the equivalence points and the known DNA concentrations
we determined the concentration of active NtrC dimer in our
. protein stock solutions. The measurements of protein activity
[1 - Teq(l - exp(—,-;))] were repeated several times. They showed a decrease from 95 tc
76% activity during storage of the protein stocks at™€06ver
Equationé describes the correlation function for two species, theeveral months, as compared with the protein concentration
free DNA with diffusion timer; and the wt-NtrC—-DNA complex determined from the initial absorbance measurements. The
with diffusion timet,. This treatment is only valid if the quantum concentrations of active protein calculated from the stoichiometric
yield and the extinction coefficient of the fluorophore do nofitrations determined by either FA or FCS agreed well with
change upon binding, as was the case for the system studied Hracentrations determined by gel shift assays (data not shown).
(see above). The fractional degree of binding is giveh Byom
measurements of the free DN&£ 0) in the absence of protein Dissociation constants for the single binding site
the diffusion timex4, the structure parametestp the triplet time . .
constantr and the triplet amplitud&qwere determined for each At 600 mM potassium acetate and a DNA concentration of 25nM
experiment. At saturating protein concentratiofs=(1) the (Fig-2B) the weaker binding of additional proteins of N+
diffusion time T, of the protein-DNA complex could be coulq b(_a neglected and .the data were fitted accqrately by a
measured. With the ratio of the diffusion timgandt, of thetwo 11 binding model (equatiot). The fit yielded an anisotropy
species the ratio of their translational diffusion cons@ptsnd ~ value for the complex identical for both wild-type and mutant

D, is given by equatiof: NtrC. With the two anisotropy values for the complex and the free
DNA fragment App andAp in equatioril) the degree of binding
7, D, 6 could be calculated. This value is shown on the ordinate in
7, D, 7 Figure2B. For NtrCS160Fwe obtained &g of 5.2+ 0.5 nM at

600 mM potassium acetate. Copmsding titrations for wild-type
Accordingly, in experiments where no total saturation of the DNANtrC yielded aKy of 4.2+ 0.9 nM. These results show that
was reached during titration the diffusion time of the complex wild-type NtrC and mutant Ntr€69Fhind equally strongly to the
could be calculated from the measured diffusion time of the fre@ngle DNA binding site.
DNA and the previously determined ratio of the diffusion The binding of wild-type NtrC to ESyk duplex was also
constants. This was important, since the absolute values sifidied by FCS. Typical correlation curves obtained at different
diffusion times are dependent on the focus volume, which coufgtotein concentrations are displayed in Figdke According to
vary between different experiments. The degree of binfling equatiorb the intersection with the ordinate is proportional to the
remained the only unknown parameter and was determined frarciprocal of the number of particles. The observed increase in the
eqguation6 at each titration point. The resultifgvalues were intersection point as more complexes are formed is due to dilution
fitted to equatior8, which corresponds to equatidérused for  of the solution by addition of protein. Formation of triplet states
analysis of the fluorescence anisotropy measurements. is detected by the initial decrease in the function iutheange.
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——— T ‘ — predetermined diffusion times to the correlation functions. Two
- ] representative titrations, one at 15 and one at 600 mM K acetate are
th; o ] depicted in Figure3B. A fit of multiple data sets to equation

0.22 |- o . 8yielded average values of 0.044.010 nM (15 mM K acetate)

A oo ] and 7.3t 2.5 nM (600 mM K acetate) for the dissociation constant.

R L S The FCS titration at 600 mM salt presented in FigBreid not lead

i o to complete saturation of the DNA. To analyze the correlation

0-20 | . E functions in this case the diffusion coefficiepnbf the complex was
. 1 calculated from the diffusion coefficientof the DNA and the ratio

. ] To/ty = 146 = 0.11. This ratio was determined from FCS
f A ] measurements where both the free DNA and the fully protein-
0

Anisotropy r

saturated DNA were measured, so that the data could be fitted to a
50 100 150 200 one component model (equati@r® = 0 ord = 1). The averagéy

of 7.3+ 2.5 nM determined by FCS at 600 mM K acetate is in good
agreement with the corresponding value oft4@®9 nM from the

FA measurements. The dissociation constants of wt-NtrC to the
ES-1n0 DNA duplex with a single binding site derived from both

] FA and FCS measurements are summarized in Taflee data

] demonstrate thd€y decreases with increasing salt concentration.

0.8}
i Table 1.Dissociation constants for binding of wild-type NtrC to ERA
0.6

Potassium acetate concentration (mMYissociation constariy (nM)
’: 15 0.014+ 0.010

| 50 0.2

150 0.46+ 0.32

600 58+2.6

0.4]

degree of binding 0

0.2[

P | " | 1. |

0 10 20 30 40 50 60

. 8Average values from FA and FCS measurements°& 2ba solution containing
NtrC dimer (nM) 10 mM Tris—-acetate, pH 8.0, 0.1 mg/ml BSA, 1 mM DTT, 0.1 mM EDTA and
0.1% NP-40.
bMeasured in 50 mM Tris—HCI, pH 8.0, 50 mM KCI, 5 mM MgQ.1 mM
Figure 2. Fluorescence anisotropy measurements of N&CS{oichiometric EDTA and 2 mM ATP at 20C (18).
titrations to determine the concentration of active protein. Anisotropy of a DNA

solution is shown as a function of the volume of added protein solution. The : s s
DNA solution contained 10 nM tetramethylrhodamine-labeled DNA fragment A theoretical treatment for the dependence of bmdmg afflnlty

ES-Ino and 150 mM potassium acetate in standard buffar—()-Wild-type from the monovalent ion concentration has been derived by

NtrC was added to the DNA solution. The dotted lines are the linear regressiolRecord and co-workerg (,48).
analysis for 0—15 added protein and the mean value for anisotropy from 90 +
to 170pl. (—-J-) NtrC3160Fwas added to the DNA solution. The dotted lines dlogKg/dlog[M™] = 2 9

show the linear regression analysis for Oglland 60-15Qul added protein. . . . . .

The concentration of active wt-NtrC and N#€0Fwas approximately the ~ According to this equation a double logarithmic plot of the

same in the solutions added, since the initial linear increase in fluoresencbinding constankKy versus the salt concentrationfMs linear.

anisotropy was almost identical for both proteif®. Binding isotherms of The slope of this plot yields the number of ion paithat are

ild- _ 160F( 2 . .

NtrC. Data are shown for wild-type NtrC #—) and NrG1%0F( {1-). The  tyrmed upon binding. The double logarithmic plot of the data

solid lines represent the fitted curve determined according to eqafite Tablel is sh in Eiquret. Previ v the di e

degree of binding was calculated from the anisotropy values for free and bounfnrOm anle '$ S ,OV\_’n 'n_ Iguret. Previously the |SSQC|at|0n

DNA that were parameters of the fit. The solutions contained 2.5 nMigS-1  constant for this binding site has been measured by a nittosell

and 600 mM potassium acetate. filter binding assayl(8) at 50 mM monovalent ion concentration.
This value has also been included in the plot. Using 0.88 for the
parametety for double-stranded B-form DNAL{) we obtained

o - a value of 1.8 foz by linear regression analysis. Thus two ion
At the excitation intensities used we measured no more thalirs are formed upon binding of the protein to the DNA.

10% triplet contribution. The characteristic diffusion times ar
shown by the decrease in the 0.5 ms segment of the correlati ; ; oo :

function.)fAs the difference in the two diffu%ion times of free an(? Mdlng of NirC to two adjacent binding sites

bound DNA is fairly small, it is not possible to extract theFor these studies DNA fragment Eg2vas used, which carries
diffusion coefficients from a free two component fit to thetwo adjacent binding sites (site Lp) with a center to center
correlation function. Therefore, the diffusion times of free andlistance of 32 bp. Figufeshows the titration curves monitored
protein-bound DNA were determined from the correlatiorby FA for wild-type and mutant protein under the same reaction
functions with no protein and excess of protein in the solution frowonditions as those used for the study of stoichiometric binding
the fit to a one component model (equaBp = 0 or8 = 1). As  to one DNA binding site presented in Fig@#®&, namely at a
described in Materials and Methods, titration curves can be obtainBdNA concentration of 10 nM ES duplex and in the presence
from the FCS curves by fitting a two species model withof 150 mM potassium acetate.
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|Og Kdis

log [M*]

Figure 4. Dependence of the binding constant of wild-type NtrC on the ion
concentration. Data were taken from Table 1. The FA data are represented by
(m), the value measured by Weisl (18) is indicated byi(J) and (a) shows

data measured by FCS.

strong increase in anisotropy from 0 to 10 nM protein: the
cooperativity of the binding process was low and anisotropy of
the species with a single NtrC dimer was only slightly smaller
than that of the corresponding complex with two dimers. After
addition of 20 nM NtrC dimer a plateau value was reached and
further addition of proteins led to only a minimal increase in
0 ] s 3 4 anisotropy. This indicates that only two dimers could bind to the
NtrC dimer (nM) DNA. For a more quantitative analysis of the binding curves a two
step binding model was fitted to the data as described in Materials
and Methods. The microscopic binding constant for the single site
Figure 3. Fluorescence correlation spectroscopy of wild-type NtrC-DNA determmed. from the eXpenmentS. Wl.th DNA fragment [T‘:h%_l
complexes. Measurements were made with a 1 nM gS<blution. was used, i.e. the macroscopic binding constarfor the first
(A) Correlation functions. The percentage of DNA complexed with NtrC protein Step (equatiod) was set to 0.23 nM. For the second step values
was determined by a two component fit to each function. Curves for 0 (—)of Ky [ 109 M were obtained from the fit, corresponding to a
40(....) 80 (= — -) and 100% (— —) WE-NrC-Egrd.complex are shown.  cooperativity constarit of the order of 0.3-1.5 as defined in

(B) Titration curves derived from the correlation functions. The solution contained . h . he fi . h
the standard buffer supplemented with 15 mMiC-) or 600 mM ( £ ) equationd. Thus according to the titrations presented here we

potassium acetate. The curve shows the fit according to the expected degree @Pserved no cooperativity for binding of wild-type NtrC. We
binding for a single site (equati@) Mean values of 0.0140.01 nM (15 mM obtained an anisotropy of 0.196-0.197 for the complex of fS-2
K acetate) and 7.2 2.5 nM (600 mM K acetate) were determined for the \yith one NtrC dimer from the fit. The corresponding anisotropy
dissociation constaty of the complex containing two dimers was only slightly larger, at
[D.203. This result is in agreement with the much smaller relative
change of volume from the complex with one protein dimer bound
Analysis of the data revealed that binding to the two adjacetd that with two bound dimers. From these values and the form of
binding sites in EStR, was more complex due to formation of the binding isotherm we conclude that during addition of the first
multiple species. The binding curve for wild-type NtrC (Bp. equivalent of protein primarily the dimeric complex was present.
displayed a characteristic shape. During addition of one equivalefstidition of the second equivalent of protein then led to formation
of protein (10 nM dimer) to the 10 nM E&duplex (= 20 nM  of the final complex where both binding sites were occupied.
binding sites) a steep linear increase in anisotropy was observed/lutant Ntr(3160Fshowed a rather different binding isotherm
with a relatively high anisotropy value at 10 nM added NtrQnote also the difference in the scale oftlagis between FichA
dimer. At this protein concentration and under conditions cénd B). Up to addition of two equivalents of protein (20 nM) the
stoichiometric binding the concentration of complexes wheranisotropy increased linearly. This increase in anisotropy then
only one NtrC dimer was bound per DNA duplex should reach itsecame smaller, but did not reach a plateau even after a 6-fold
maximum. The ratio of this species to complexes that have twaxcess of protein had been added. In the experiments with a single
dimers bound depends on the cooperativity of binding. Upobinding site duplex (see above) it was shown that the binding
addition of the second equivalent of protein to a concentration abnstant for binding of one dimer to a single site was the same for
20 nM almost all binding sites were saturated and DNAwt-NtrC and the Ntr€160Fmutant. Accordingly, the linear part at
complexes were formed that have two NtrC dimers. This procei®e start of the titration of ESt duplex in FigureédB has to be
was accompanied by only a small increase in fluorescenessigned to quantitative formation of a complex containing two
anisotropy. Two important conclusions can be made to explain thérCS160F dimers and one DNA fragment. This implies a high

degree of binding 0
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T labeled oligonucleotide duplexes indicate a relatively strong
0.22 - . interaction of the dye with the DNA, as has been observed in other
A studies of rhodamine dyes covalently linked to DNA (see for
0.21 ] example 49). With the G aminoalkyl linker used here an
interaction with approximately the first 5 bp next to the label is

] geometrically possible. This interaction might cause a change in
the rotational freedom of the dye as well as a modified lifetime.
] Bigger rotational freedom or longer lifetimes would result in
smaller values of anisotropy for this species. Since the sequence
next to the label is different for the two duplexes (&g3-1
rho-TGAGA; ES-Zno rho-TCAGT), this may explain the
observed absolute valuesrof-or interpretation of the titration
curves the differences in absolute anisotropy values are not
relevant, since for the analysis it is only required that Yadues

are significantly different for the species presented in one mixture
at equilibrium.

Anisotropy r

0 10 20 30 40 50 60 70
wt NtrC dimer (nM)

i B ,L*/**H't*i DISCUSSION
021 a s ] The application of FA and FCS measurements to analyzing binding
of NtrC to its enhancer site yields quantitative information about the
system free in solution and at thermodynamic equilibrium. No
modification of the protein is required and the fluorescently labeled
DNA duplexes are readily available from commercial sources. The
o018 | / : techniques are non-invasive and salt concentration, pH and
/‘ temperature can be varied over a wide range. This has been
demonstrated here by measuring binding constants under high salt
I e conditions with two different DNA oligonucleotide duplexes and by
0 20 40 60 80 100 120 140 detection of prc(ist%%EDNA complexes containing higher order
S160F y: oligomers of Ntr in solution.
NtrG dimer ("M) The concentration of active NtrC dimers was determined by
stoichiometric titration with single binding site Eggl(Fig. 2A).
Figure 5. Anisotropy curves for binding of NtrC to the enhancer site fg$-2 This mthOd Sh.owed .hlg.h rep_rodumblllty with various protein
The solutions contained 150 mM potasssium acetate and 10 nihES-2 Preparations. Single binding site Egglwas used to compare
duplex. The solid curves correspond to a fit of the data with the programbinding affinity to DNA of wild-type NtrC and the constitutive
BIOEQS according to the model described in the teéx}. Titration with mutant NtrS160F At 600 mM salt concentration we found no
wild-type NtrC. The macroscopic dissociation constanfor binding of the - giffarence in affinity for the single binding site. This confirms
10
zgsttegg?nifd(fsri?n?ﬁ;?&?ﬁ?ﬁ g)ug}':f é';:f (gt) %t?atilg Wim,\}?r%s\{%!)%e previous studies that have shown identical strength of binding for
wild-type NtrC and the transcriptionally active phosphorylated
form of NtrC (L8). These studies were conducted under much

positive cooperativity for binding of the second protein to the DNAOwer salt conditions (50 mM KCl) and we conclude that affinity
(k12 > 40), because here the intermediate species with one boufdbinding changes identically for both wild-type and mutant
protein was not observed. After addition of two equivalents of dimdPrms of the protein upon change of the ion concentration. This
anisotropy increased further, indicating that more proteins wef€Sult is consistent with the idea that DNA binding of NtrC is
binding to the complex containing two bound dimers. Thénediated by a distinct C-terminal protein domain homologous to
stoichiometry of this higher order oligomeric complex could not béhat of FIS. The S160F mutation in the activation domain is not
resolved unequivocally from the binding isotherm, but the data wefépected to have an effect on DNA binding to a single £jte (
consistent with formation of a tetramer of dimers according to A humber of studies have been published utilizing FA to study

equationb, as was assumed in the fit shown in FigiBeFor this  Pinding €4,25,50) and oligomerizatiorii©) of a protein to DNA,
model the value df3 (equatiorb) was[2 x 108 M2. whereas FCS to our knowledge has not been used previously to

guantitate protein—DNA interactions. In the work reported here
we have demonstrated how FCS curves can be evaluated to
determine dissociation constants for protein—DNA interactions.
Comparing the absolute anisotropy values of the specid$e dissociation constants obtained by FA and FCS for binding
investigated, it was apparent that anisotropy of the shodfwt-NtrC to a single DNA site are the same within experimental
oligonucleotide duplex ESq} (r = 0.18) was higher than that of error. Thus FCS is a suitable method to study this type of system.
the longer oligonucleotide duplex Eg2(r = 0.17), although The errors in estimating the degree of binding were about twice
ES-Inois shorter than ESyz, (32 versus 59 bp). In addition, the as high as for FA measurements. This is mostly due to the fact that
complex of ES-o with one NtrC dimer had a higher FA than thethe difference in diffusion time between free DNA and the
larger complex of ESyig, with two protein dimers bound € 0.21  protein-DNA complex is small. The fairly large standard
versus 0.20). The high anisotropies found generally for rhodamindeviation in the FCS measurements conducted at 15 mM salt also

0.2 ]

0.19 |

Anisotropy r

Anisotropy values of the different species
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reflects the fact that titration curves do not vary to a large degregantitative DNA footprinting {7-19). In contrast to these
when the DNA concentration exceeds the dissociation constamssults, we found that binding of NtrC to the EBfs3duplex
Kg. Furthermore, the DNA concentration has to be knowwccured essentially without cooperativitys{ = 0.3-1.5). For
precisely, since it enters the fitting function (equafiar 8). comparison of the data one important parameter is the presence
In this respect it would be advantageous to conduct thaf ATP in the binding buffer. The studies cited above report a
experiments under conditions where the DNA concentratiooooperativity constant of 20.7), 37 (L8) and 100 19) in the
could be neglected, i.e. under conditions where the concentratipresence of 2 mM ATP. In the absence of ATP the cooperativity
of free proteinPsee is approximately equal to the total protein constant decreased from 100 to 29)( The values obtained by
concentration. This is the case if the total DNA concentr@ign  Weisset al (18) and Chen and Reitzetq) were determined for
is at least 10 times lower than tkg. For binding of NtrC this a somewhat different sequence of NtrC binding sites as compared
would require a DNA concentration of #8-10-12M, since the  with the ES-3,, duplex studied here. The sequence of ES-2 is
Kq is of the order of 1321011 M under physiological salt identical to the 106 bp DNA fragment analyzed in Pagteal
concentrations (Tabld). With our experimental set-up the (17) but is lacking part of the DNA region flanking the NtrC
fluorescence signal at picomolar DNA concentrations was tdainding sites. Since a cooperativity constant of 20 has been
low and we found that the limit was around 1 nM (FA) and 0.1 nMietermined for this sequence by gel shift experiments in the
(FCS) rhodamine-labeled DNA for reliable measurements. Usimgresence of ATP1(7), it appears reasonable to assume that the
laser excitation instead of a xenon lamp for the FA measuremermtzresponding value in the absence of ATP would be significantly
it is possible to reduce the DNA concentration by about a factémwer and in the range of the values determined here. In addition,
of 10 to[D.1 nM 60). However, this is still in the range where theit should be considered that the methods used previously for
DNA concentration has to be accurately known for analysignalysis of DNA binding of NtrC are not true equilibrium
which can be difficult for DNA concentrations <1 nM due tomethods, in contrast to FA and FCS measurements.
non-specific binding of the DNA to the cuvettes or cover slides. Anisotropy curves for the Nt€60F mutant display a high
As deduced from FCS measuremefts,(the error is significant cooperativity of binding and reveal formation of oligomers on the
for dye concentrations <0.1 nM, even if non-specific binding o§ingle DNA binding site and on the two adjacent binding sites in
the DNA (and the protein) is suppressed by addition of BShe ES-g,,duplex. The cooperativity factors for the phosphorylated
and/or detergents or by silylation of the cuvettes, as was done foptein have been reported’(18), but differ by several orders of
the experiments described here. Thus the DNA concentratiomagnitude. For the S160F mutant cooperativity was found to be
used here in the range 1-10 nM are a compromise to yield a gd&i(17). This value is in agreement with our measurements for the
signal-to-noise ratio and to avoid a reduction in the DNAranscriptionally active Ntré160Fmutant, for which a value of
concentration due to non-specific binding. In principle the FC&;2 > 40 has been estimated.
technique can be used for measurements at picomolar dyd he results of the FA measurements with mutantN§€are
concentrations and below with very small sample volumesonsistent with formation of an octameric complex, which has
(50-100ul). Thus FCS appears to be ideally suited to the analydieen suggested for phosphorylated NtrC on the basis of electron
of high affinity protein—~DNA interactions and we are currentlymicroscopic analysis6j, scanning force microscopg) and
exploring the possibility of this exciting technique with ananalytical ultracentrifugatiori@). However, the FA data did not
improved instruments(l). allow an accurate determination of the molecular weight of the
The two fluorescence techniques described here for analysisaafmplex formed by Ntr€160Fon the enhancer sequence E®:2
NtrC—-DNA binding are true equilibrium methods that work overThe importance of protein—protein interactions for the biological
a large range of solution conditions. In particular, the salctivity of NtrC has been demonstrated previously by showing
concentration can be varied over a large concentration range. 8aergistic activation of a mixture of a weakly transcriptionally
found that the logarithm of the dissociation constégtfor  active mutant and a non-DNA binding mutahit,21). From our
binding of wt-NtrC to a single site depended linearly on theneasurements on the N&#EOF mutant we estimate that the
logarithm of the salt concentration, as shown for other protein-DN&oncentration of NtrC dimers has to be =81l for quantitative
interactions 47,48). Our results indicate that one dimer of NtrCformation of the octameric complex. This would be significantly
forms two ion pairs with the DNA backbone upon binding.weaker than binding of two dimers to the enhancer site, which
Assuming a similar folding for FIS and the C-terminal DNAoccurs in the sub-nanomolar region. Assuming a volumgrof1
binding domain of NtrC one can predict that NtrC, like FISfor a singleE.colicell, the intracellular concentration of NtrC can
carries a stretch of basic amino acids on the surface contacting bee calculated to be 10 nM in the inactive stats).(Under
DNA. Two of these basic residues in NtrC, K445 and K464nitrogen limiting conditions it rises to 100 nM. Thus it appears
correspond to residues Q74 and K93 in FIS, predicted to contguissible that this concentration increase is part of the regulatory
the DNA backbone4(52) [note that theescherichia coliNtrC ~ mechanism. However, as discussed above, our results have beer
sequence given in Nortt al (4) has been revise®g)]. Thus obtained in the absence of ATP, which is present in the bacterial
these residues are likely candidates for the two ion pairs (one petl at a concentration 62 mM. Since it has been shown with
NtrC monomer) which form upon binding of NtrC to DNA, asNtrCS160F from Klebsiella pneumonia¢hat ATRS is able to
deduced from the salt dependence of the dissociation constagigomote formation of higher order oligometgl), the effect of
Anisotropy curves for unphosphorylated wild-type Ntddfirm  ATP on the DNA binding properties of NtrC is an important
that one dimer binds to one DNA binding site and two dimers tparameter that remains to be studied in further detail. In addition,
two adjacent binding site$,17). Previously it was reported that we conclude from analytical ultracentrifugation experimeiriis (
binding of two unphosphorylated NtrC dimers to the enhancer that the phosphorylated wild-type protein forms an octameric
cooperative, with a cooperativity constant of 20—100 as determinedmplex on the enhancer with high cooperativity and in the
by gel shift experiments, nitrocellulose filter binding assays andbsence of ATP. Thus it appears likely that the association



properties of the Ntr&l60F mutant and the phosphorylated 22

wild-type protein are rather different. ”3
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