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ABSTRACT. The transcription activator protein NtrC (nitrogen regulatory protein C, also termegddsaR
catalyze the transition dEscherichia coliRNA polymerase complexed with the* factor (RNAPg>%)

from the closed complex (RNAB>* bound at the promoter) to the open complex (melting of the promoter
DNA). This process involves phosphorylation of NtrC (NtrC-P), assembly of an octameric NtrC-P complex
at the enhancer DNA sequence, interaction of this complex with promoter-bound & A DNA
looping, and hydrolysis of ATP. Here it is demonstrated by two-color fluorescence cross-correlation
spectroscopy measurements of 6-carboxyfluorescein and 6-carboxy-X-rhodamine-labeled DNA oligo-
nucleotide duplexes that the NtrC-P complex can bind two DNA duplexes simultaneously. This suggests
a model for the conformation of the looped intermediate that is formed between NtrC-P and-&RNAP

at theglnAp2 promoter during the activation process.

The enhancer-binding factor Ntt@rom enteric bacteria  of a phosphorylating chemical-like carbamyl phosph&je (
is a transcription activator protein of RNA®* (1, 2). It NtrC is a dimer in solutiong, 10) and binds as a dimer to
regulates a variety of genes that are involved in nitrogen a single binding site as shown by gel electrophoretic analysis
utilization. The location of the NtrC binding sites found in  (11) and analytical ultracentrifugatiod@). In the latter study,
vivo requires looping of the DNA for interaction with RNAP it was also demonstrated that phosphorylated NtrC (NtrC-
o> at thegnAp2 promoter §—7). NtrC activity is regulated  P) forms an octameric complex in the presence of an
by phosphorylation of the protein at Asp54 of the conserved oligonucleotide duplex with two binding sites. Results from
receiver domain, 2). In vivo, the histidine kinase NtrB  scanning force microscopy and gel filtration analysis of NtrC
(nitrogen regulatory protein B) autophosphorylates under and various mutants in conjunction with in vitro transcription
nitrogen limitation conditions and serves as a phosphate experiments are consistent with the formation of a NtrC-P
donor for the phosphorylation of NtrC. This reaction can be octamer at the enhancer but can also be explained by a
reproduced in vitro in the absence of NtrB by the addition hexameric NtrC-P complex as discussed inI2fVarious

" . JA—— —— lines of evidence indicate that the oligomerization of phos-
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1 Abbreviations: FCS, fluorescence correlation spectroscopy; FCCS, In the study presented here, it was examined whether the
two-color fluorescence cross-correlation spectroscopy; NtrC, nitrogen . ! .
regulatory protein C; NtrC-P, phosphorylated NtrC; RNAP, RNA NtrC-P complex is abl? to b'”q two DNA strands simulta-
polymerase; FAM, 6-carboxyfluorescein; ROX, 6-carboxy-X-rhodamine. neously. To address this question, a new approach has been
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used that is based on fluorescence correlation spectroscopy 1

(FCS) (reviewed in refd6 and 17). FCS measures mean Go(0) = IND 6)
diffusion times and concentrations by evaluating fluctuations

of the fluorescence intensity that have their origin in the As shown belowGe(0) andG,(0) reflect the average number
Brownian motion of fluorophores through a small volume of singly and doubly labeled molecules in the focus volume,
element. This volume element of about 1 fL is defined by respectively, and can be used for a quantitative detection of
the focus of the excitation light beam. The measured the simultaneous binding of ligands labeled with two different
fluctuations of the fluorescence signal depend on the speedfluorophores.

at which the fluorophores move through the focus and are

therefore related to the diffusion coefficient. If the intensity pATERIALS AND METHODS

fluctuations of two different dyes are evaluated in separate

channels, a fluorescence cross-correlation (FCCS) signal DNA and Protein PreparationsHPLC-purified DNA
between the two dyes can be obtainé®, (18—23). With oligonucleotides covalently labeled via a hexyl linker at the
FCCS, a detection and selective analysis of molecules that5'-end with 6-carboxyfluorescein (FAM) or 6-carboxy-X-
carry both fluorophores is possible. In these experiments, rhodamine (ROX) were purchased from PE-Applied Bio-

the normalized cross-correlation functi@)(z) is recorded
which is calculated as the time averddéebf the fluctuations
of the detected fluorescend&(t) of one dye at time and

systems (Weiterstadt, Germany). Purification of the three
DNA duplexes ES-2 ES-2, and ES-2 (Figure 1) by gel
electrophoresis was carried out according to 16f The

the fluctuations)F(t + 7) of the second dye at the delayed
timet + 7 (16, 18—20).

extinction coefficients of the single strands were determined
as described previousl2%). For the DNA duplexes, atpso
of 876 000 Mt cm™ (ES-2), anezg of 884 000 Mt cm?
(1) (ES-2), and anezg of 910000 Mt cm™ (ES-2/) were
derived, which are accurate within approximately 10%.
Expression and purification of His-tagged NtrC protein
Indices f and r denote the two detection channels that arefrom plasmid pNTRC-3 were carried out according to ref
correlated with each other. For the cross-correlation function 10. The concentration of active NtrC dimers in the protein
Gy(7), one fluorophore is measured in channel f (here stock solution was determined from fluorescence anisotropy
6-carboxyfluorescein abbreviated as FAM or fluorescein) and measurements by stoichiometric titrations to an oligonucle-
the other in channel r (here 6-carboxy-X-rhodamine abbrevi- otide duplex with a single DNA binding site as described
ated as ROX or rhodamine). Only molecules that carry both previously @5) to be 4504+ 70 nM. This value includes the
labels contribute to the measured fluctuations of the fluo- 10% error in the determination of the DNA concentration.
rescence signal. When f is the same as r, that is for correlationThe binding reaction with the ES-2 DNA was conducted on
of the signals from only one fluorophore in the appropriate ice for 2 h with a 200uL solution of the indicated NtrC
detection channel, eq 1 becomes the autocorrelation functionconcentrations in a buffer containing 20 mM Tris-HCI (pH

| BF,(0) OF(t + )0
&= T omFon

Go(7) given in eq 2 16, 17).

_ [OF(t) oF(t+ )0
Go(r) = FOO )
For n noninteracting species, eq 2 results in e®3, @4):
i[ﬂ:i(t) ﬁGo,i (7)
%@::_T____ (3)
[ZEIFi(t)Eﬁ2

At 7 = 0, the values of the autocorrelation functi@(0)
and the cross-correlation functid@sy(0) are obtained.

BF(t)0
G0) =" (S’@ (@)
_ OF() OF, (00
O™ E oD ©

7.9), 180 mM KCI, 10 mM MgGl, 20 mM carbamyl
phosphate, 0.01% Nonidet P 40, 0.1 mM DTT, 0.1 mM
EDTA, and 5% glycerol or in the same buffer in the absence
of carbamyl phosphate. In the presence of carbamyl phos-
phate and MgGJ the NtrC protein is chemically phospho-
rylated so that a NtrC-P octamer complex forms with the
ES-2 DNA duplex 10). For digestion of NtrC-P protein, 2
units of proteinase K (Roche Molecular Biochemicals,
Mannheim, Germany) was added to a reaction mixture with
preformed NtrC-P complexes with ES-2, and the sample was
incubated fo 1 h at 37°C.

Instrumental Setup and Data AcquisitidfCS and FCCS
measurements were conducted at’€3in triplicate with a
new instrument developed in the laboratory of J. Langowski
(22, 23). An air-cooled argon/krypton ion laser (Laser 2000,
Wessling, Germany) for excitation with linearly polarized
light at 488 and 568 nm was focused by a water-immersion
UPlanApo 60</1.2W objective lens (Olympus Optical Co.,
Tokyo, Japan). The incident laser power inside the sample
was set to about 2W at 488 nm, corresponding to an
irradiance of~1.3 kW cm? Detection was essentially
unpolarized with count rates of about8 kHz (fluorescein
channel, 506560 nm) and 6670 kHz (rhodamine channel,

These two quantities can be determined directly from the 580-690 nm) for a dye concentration of 10 nM each, using
measured correlation curves even if multiple species area 50 um pinhole in the confocal detection channel. The
present. If only one species is present, the autocorrelationsamples were measured in Lab-tek chamber slides with eight
function Go(0) yields the average number of particl®&in chambers and &140 um thick cover slide at the bottom
the focus volume17). (Nalge Nunc, Naperville, IL). The focus of the lens was
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ES-2; duplex

TCAGTTGCACTAAAATGGTGCATAATGTTAACATTAATGCACTAARATGGTGCAACATG
AGTCAACGTGATTTTACCACGTATTACAATTGTAATTACGTIGATTTTACCACGTTGTAC

ES-2; duplex ES-2, duplex

T

Ficure 1: Oligonucleotide duplexes used in this study. The two NtrC binding sites are shaded gray, and the recognition sequence is printed
in bold. ES-2 duplexes were labeled at theeBd with 6-carboxyfluorescein (FAM, ES-@uplex), 6-carboxy-X-rhodamine (ROX, E$-2
duplex), or both dyes (ESyduplex). The doubly labeled duplex Eg-®as only used in the DNA experiments (Figure 2) but not in the
experiments with NtrC and NtrC-P (Figure 3) which were conducted with a 1:1 mixture of BESdZES-2

i

placed inside the solution to be analyzed and abouytr80  two DNA strands was calculated as described below. In the
above the inner surface of the cover slide. Autocorrelation autocorrelation function of ROX, three different species are
and cross-correlation functions were obtained by averagingdetected if two duplexes can bind. In terms of the average
10 measurements of 30 s each. The sensitivity of the cross-number of particles in the focus volume, these are the free
correlation measurements was limited mostly by th&0 ES-2 duplex with a single rhodamine labl[] a complex
times lower signal of FAM as compared to that of ROX. To with one rhodamine and one fluorescein la@&l[) and in
improve the signal-to-noise ratio, DNA duplexes were also the case of the experiments with NtrC-P also a protein
tested in which FAM was replaced with rhodamine green complex with two rhodamine label®\,[] Molecules with
(data not shown). Although the free rhodamine green one [N:{lor two fluorescein label&N;are not detected in
succinimidyl ester was about twice as bright as the corre- the rhodamine channel except for some background contri-
sponding FAM derivative, the intensity differences disap- bution that is accounted for as described below. In the
peared in the dyeDNA conjugates. concentration range that was studied, the measured fluores-
Data Analysis of FCS and FCCS Measuremenise cence intensity of a given dye-labeled species is proportional
values of the cross-correlation functioBy(0) and the to the average number of molecules in the focus volume.
autocorrelation function of the rhodamine chanBg)(0) at Thus, for the rhodamine autocorrelation functiorrat 0,
7 = 0 were determined from a nonlinear least-squares fit to eq 9 is derived from eq 3:
eq 7 for one, two, or three different species using the
Levenberg-Marquardt algorithm implemented in the pro-
gram Quickfit (22, 23).

qr,lz[NrD+ qr,ZZDNfrD_I_ 4qr,32|:Ner
(qr,lm‘lrEH_ qr,ZENfrEH_ 2(1r,3D}‘Irr|J2

Go (0) = (9)

G(r) =
1-pr+pB; exﬁ(_l)]iépi
71/ |IN
(7)

Equation 7 describes the correlation function flospecies
with translational diffusion timer; present at the apparent

In the following, it is assumed that the corresponding
proportionality factorsgr for FAM and g for ROX are
independent of the different species that can form; i.e., no
changes in the quantum yield occur upon protein binding.
In this case, it ig},1 = 0,2 = grz andof1 = C2 = 3 in €q

9 and in eq 11, and the proportionality constagitand g
cancel out. Whether this assumption is justified can be tested
by measuring the average fluorescence intensity as given by
fraction p;. The structure factok is the axial ratio of the  the count rate of each detection channel in the FCS
observation volumey/wo. It was determined with a mono-  experiments in the presence and absence of protein. In
disperse solution of free rhodamine dye and was kept at aprinciple, there are two types of processes that have to be
fixed value of 5 in the analysis of the data. For a given value considered which can lead to Changes in the guantum y|e|d
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of «, the width of the detection volume, is related to the
diffusion coefficientD as shown in eq 8.

2
Wo

)

(8)

The other two fit parameters in eq 7 are the triplet amplitude
Bt and the triplet time constant. The contribution from
the triplet state was only included for the fit of the
autocorrelation functions but not for the cross-correlation
function.

From the ratioG4(0)/Gy (0) (designated as rati@), the
fraction 6 of DNA that was present in NtrC complexes with

The first is nonradiative fluorescence resonance energy
transfer (FRET) between two dyes that have a spectral
overlap of the emission spectrum of one dye (“donor”) and
the absorbance spectrum of the other dye (“accept@s) (
27). This is the case for the FAM and ROX dyes used here.
This donor-acceptor pair has been used for the construction
of “energy transfer primers” for DNA sequencing that
exhibited the highest energy transfer for a separation distance
of about 2-3 nm (reviewed in re28). The efficiency of
FRET depends on the sixth power of the separation distance
R between the two dyes and decreases rapidly wRen

Ro. The parametelR, is the donor-acceptor separation
distance at which 50% transfer occurs. For the FARDX
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dye pair,Ry can be calculated from the overlap integral of ' G,(0)
the FAM emission spectrum and the ROX absorbance ratio G = =
S - : Gy (0)

pectrum to be around 5 nm, meaning that transfer with an
efficiency of >5% occurs only for separation distances of (NG, COEN, LH- ONg, CH- 20N, ) (12)
<8 nm. FRET should lead to a reduced donor fluorescence (ON;CH- ON, CH 20N DI(ON, CH- DN, CH 40N, O
and an increase in the acceptor fluorescence. It can be
detected as described for example in 28fand was not In the DNA experiments, particles with two fluorescein or
observed in the system studied here as judged from fluo-two rhodamine labels were not present and, tiiNg(Jand
rescence emissioidy = 490 nm,Aem = 500—750 nm) and N.Oare 0. In addition, an equimolar ratio of the singly
excitation ex = 400-600 nm e, = 610 nm) spectra (data  labeled strands was used so thsifr]= [N,[] Under these

not shown). conditions, eq 12 reduces to

The se(_:ond process that has_ to be considerec_i co_nsi;ts of . G,(0) N, O N, O
changes in the dye quantum yield due to protein binding. ratio Gpna = = = =
As determined from measurements of the fluorescence Go(0)  N[H NI ON,CH- (N O

intensity, the binding of the unphosphorylated NtrC protein (13)

to the ES-2or the ES-2duplex did not change the quantum  1hg naramete is the fraction of the total amount of FAM

yl.e|d of bpth the ROX and the FAM dye. This is conS|_ste.nt (or ROX) dye label that is present in the doubly labeled

with previous fluorescence measurements of NtrC binding duplexes.

to the same DNA sequence but labeled with Texas RBH ( In the case of the binding of two DNA duplexes to the

Upon phosphorylation of the NtrC protein, a quenching of octameric protein complex of phosphorylated NtrC, one has

the relative ROX intensity by about 6% and of the FAM to consider also complexes that have two singly labeled

intensity by about 15% was observed when the NtrE-P DNAs with the same dye. Since the experiments were

DNA complex was formed. This effect has been neglected conducted with the duplexes ESahd ES-2that were mixed

in the analysis since the resulting error is small compared toin a 1:1 ratio, one obtains a binomial distribution of doubly

the total error of the measurement that includes uncertaintieslabeled complexes of 1 (two fluorescein lab&lg) to 1 (two

in the determination of the DNA concentration and the NtrC rhodamine labelsN,) to 2 (one rhodamine and one fluo-

dimer concentration (see above) in addition to errors in the rescein labelNy). As inferred from gel-shift experiments of

FCCS measurement itself. NtrC binding to the ES-2and ES-2duplex, the protein does
For the cross-correlation function with one fluorophore not discriminate b_etween_ th? two d_uplexes (data not shown),

being detected in channel f and the other in channel T, the SO the aboye unbiased distribution is expected. With the total

term OF¢(t) SF,(t)din eq 5 is zero, if the detection in the concentration of FAM dyelNosand of ROX MNo,L) the

two channels is uncorrelated. This is the case for particles concentration of the different species can be expressed as

that contain only FAM or only ROX labels. Thus, if we igfnwve;(ne:?h;t‘lk:gvteemz gfetz.e dye fractighpresent in
indicate byF' the fluorescence contribution that results solely P yes:

from particles with both dyes, we can write according to N, (0= N, O= N,
egs 5 and 6
IN;(= IN,[= (1 — 6)IN,O
G.(0) = [OF(D) OFOUEOIFEMI_ 1 FOIFOD 0
x [F(t) IF(t) O [F() IF ()0 N, (1 (t) (IF (t) O Ny L= N, L= 7N, (14)
(10) 0
N, 0= ED}\IOD

In eq 10, the multiplication of eq 5 with the terriF(t)[D

F1(t) V[ F;(t) IF (1) allows it to replace the left fraction of  From eqs 6 and 11, we obtain with the definitionfofjiven
eq 10 with 1INy Caccording to eq 6. The remaining average above:

fluorescence intensity terms can then be expressed in eq 11

by the average number of particles. oG — G,(0) B mNO O
G.(0)= NC Gy (0)  INH 3MN, O N, CH- 3N, [
o 0
>+ g (19
Gk 20, 2Ny, 2+6

(0, e 0 o [Ny, LH- 20 5N (G, 1[N - 0 o[N L 201, 5N D) This means for a sample in which all NtrC complexes have

(11) two duplexes bound the theoretical value for radiq.c that

can be obtained i¥; as opposed to the DNA experiments

As discussed above in the context of eq 9, the simplification (eq 13) where the theoretical maximum value of raiga
is introduced that},1 = 02 = g3 andgs1 = G2 = 3, and is 1. In practice, these values could not be reached due to
the proportionality constants in eq 11 cancel out. For the incomplete overlap of the excitation focus volumes at the
analysis of the data in terms of the fraction of complexes two different excitation wavelengths (488 and 568 nm) and
that carry two dye molecules, the raii&(0)/Gy «(0) (ratio the occurrence of the nonfluorescent triplet state. In addition,
G) is obtained from eqgs 9 and 11: even in the case where no molecules with both dyes were
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present, a value foG4(0)/Gy(0) of >0 was measured,

because of cross-talk between the two detection channels.

Accordingly, the necessary instrument correction factors were
obtained from measurements with a sample containing only
the doubly labeled ESr2luplex (determination of ratiGmay)

or only a 1:1 mixture of the singly labeled E$&hd ES-2
duplexes (determination of rat&m»). With these parameters,

it follows from eq 15 that the fractiof of NtrC octamer
complexes that have two DNA strands bound is given by

2(ratio Gy, — ratio G,;,)
 ratio G, — ratio Gy,

(16)

The corresponding expression for the DNA experiments
according to eq 13 is simply

min

ratio Gpya — ratioG
 ratioG,., — ratioG

7)
max min

The binding curves obtained for NtrC-P according to the
analysis described above were fitted with the program
BIOEQS @30, 31) to extract the free energhG for the
formation of the different NtrC-PDNA complexes.

RESULTS

The DNA binding of NtrC-P was studied with the 59 bp
ES-2 DNA duplex 10, 11, 25), the sequence of which is
given in Figure 1. ES-2 has two NtrC binding sites and
constitutes a DNA enhancer sequence that is sufficient for
NtrC to exert its transcriptional activity at low protein
concentrations1(, 11). In the experiments, ES-2 duplexes
labeled at the send with 6-carboxyfluorescein (ES}yar
6-carboxy-X-rhodamine (ESs2or with both dyes (ES+J
were used (Figure 1).

To demonstrate the validity of the experimental approach
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Ficure 2: FCCS measurements of an increasing fraction of doubly
labeled ES-2 duplexes. The total dye concentration was kept
constant at 10 nM fluorescein and 10 nM rhodamine in all
experiments. (A) Representative cross-correlation curves: lower
curve, 0% ES-2 (10 nM ES-2 and 10 nM ES-g; middle curve,
50% ES-2 (5 nM ES-2, 5 nM ES-2, and 5 nM ES-2); and upper
curve, 100% ES+2(10 nM ES-2). The dashed lines show one-

0.4 0.6 0.8 1

and to determine the instrument response factors, the FCSomponent fit curves of the data to eq 7 without a triplet
and FCCS measurements were conducted first in the absenceontribution. (B) Plot of the measured rat@® vs the fraction of

of NtrC (Figure 2). In these experiments, the fraction of
doubly labeled ES+2in a mixture with the singly labeled

ES-2 and ES-2was increased, while the total dye concen-
tration was kept constant at 10 nM FAM and 10 nM ROX.
Typical cross-correlation curves are shown in Figure 2A. To

doubly labeled duplex ESs2 The concentration of ES-2vas
always identical to that of ES;30 that the fraction of ESy2is
given for each fluorophore by [ES/R([ES-2] + [ES-2/]) or [ES-
2:J/([ES-2] + [ES-2]). The fraction® of doubly labeled DNA
(right y-axis) was calculated according to eq 17.

correct for possible concentration differences between thealso contributes to a reduction of the cross-correlation signal
samples and to derive an expression that is independent okince during the time in which one of the dyes is in the triplet

the size of the focus volume, the cross-correlation function
Gy(0) was divided by the autocorrelation functi@®g (0) of
the rhodamine channel. The ROX dye exhibited a smaller
triplet contribution than FAM, and the value &4(0) could

state no cross-correlation signal can be observed. A sample
that consisted of only the doubly labeled EgeRiplex was
therefore used as a reference to determine the experimental
maximum, and a value for ratiGnax of 0.48 £ 0.02 was

therefore be determined more accurately. The resulting ratioobtained (Figure 2B). On the other hand, even in a case

Gx(0)/Go (0) is designated here as rat@ It reflects the

relative amount of particles with two different dyes in a

manner that is independent of the total fluorophore concen-

tration 22). For the DNA experiments, rati@ is equivalent

to the fractiond of doubly labeled duplexes (eqs 13 and 17).
The theoretical maximum value for rati@ya of 1 could

where no ES-2 DNA was present and the sample included
only ES-2 and ES-2 a value for ratioG of >0 was
measured. This was due to cross-talk between the two
detection channels and results in an apparent cross-correlation
signal that is simply the autocorrelation of singly labeled
molecules 18, 19, 21—23). The minimal value for rati@min

not be reached because the focus volumes for the twodetermined in the absence of doubly labeled molecules was

different excitation wavelengths (488 and 568 nm) did not
completely overlap. This was partly due to the wavelength
dependence of the size of the diffraction-limited focal spot
and partly due to chromatic aberrations of the optical system.
In addition, the occurrence of the nonfluorescent triplet state

0.04 + 0.01. It was dependent only on the total dye
concentration which was the same in all the experiments.
With ratio Gmax and ratio Gyn, the instrument correction
factors were known and the value @fcould be calculated
according to eq 17 from the measured r&isy,. It is plotted
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on the righty-axis of Figure 2B. The graph shows the
expected linear dependencetodn the sample composition
and demonstrates that a fraction as small as 5% of the doubly
labeled molecules could be reliably quantitated. The diffusion
times measured for the ES-DNA were 0.32+ 0.01 ms
(FAM autocorrelation), 0.3% 0.01 ms (ROX autocorrela-
tion), and 0.42+ 0.01 ms (cross-correlation). With eq 8,
the width of the focus volumey, can be calculated from
the diffusion times to be 242 38 nm (FAM detection),
260 £+ 35 nm (ROX detection), and 272 33 nm (cross-
correlation) using the known value f@ey, of 4.6 x 1077
cn? st for the diffusion constant of the ES-2 DNA under
the conditions of the experiment@).

To study whether the octamer complex formed by NtrC-P
at the ES-2 enhancer sequence can bind a second DNA
duplex, a sample containing a mixture of 10 nM ESad

A

10 nM ES-2 was assessed in the presence of increasing 018 -
concentrations of NtrC-P under conditions where the protein 016 [
was phosphorylated ). The results showed an almost linear

increase of ratioG up to a protein concentration of one o4 ¥
NtrC-P dimer per binding site where a value for raBoof o o2}
0.148 4+ 0.04 was reached (Figure 3). At higher NtrC-P &~ o010 [

concentrations, a slowly decreasing plateau appeared. This2
demonstrates that the NtrC-P octamer complex could bind =
two ES-2 duplexes. In the absence of phosphorylation, no
significant increase above the background of 044.01

was detected (Figure 3B). Thus, only the phosphorylated
NtrC-P complex had the ability to bind a second DNA 0 oa
duplex. To exclude the possibility that the observed signal '
was due to a NtrC-P-catalyzed strand exchange between the

(sexa|dnp YNQ OM} Uim uonoey) g

0.8 1.2 1.6

NtrC or NtrC-P dimers per DNA binding site

singly labeled duplexes, the following experiment was
conducted: Complexes of NtrC-P with ES-2 for which the
maximum value of ratidgs had been measured (one NtrC-P
dimer per binding site) were incubated with proteinase K.
As expected, the value of rati@ fell from 0.148 4+ 0.04
down to a background signal of 0.@60.02 upon digestion

FiIGURE 3: FCCS measurements of NtrC and NtrC-P binding to
the ES-2 DNA duplex. Samples containing a mixture of 10 nM
ES-2 and 10 nM ES-2(equivalent to a total of 20 nM duplexes or
40 nM NtrC binding sites) were incubated with the indicated NtrC
protein concentrations as described in Materials and Methods. (A)
Representative cross-correlation curves: lower curve, no NtrC
added; middle curve, 0.5 NtrC-P dimer per binding site; and upper

of the NtrC-P protein. This demonstrates that no strand curve, one NtrC-P dimer per binding site. The dashed lines show

exchange has taken place and that the observed cros

correlation signal was indeed due to binding of two DNA
strands to the NtrC-P octamer.

For the NtrC-P complex with ESrand ES-2 a diffusion
time 7 of 0.90 &+ 0.17 ms was determined from a one-

component fit of the cross-correlation curves according to

eq 7. With thewp value of 279+ 33 nm given above, this
corresponds to a diffusion coefficieDty, of (2.2 + 0.5) x
107 c? s L. The rotational correlation for this species can

S-

one-component fit curves to eq 7 without a triplet contribution.
(B) The measured rati® is plotted vs the protein concentration
given in NtrC or NtrC-P dimers per binding site. Experiments were
conducted with phosphorylated NtrC-B)(and with unphospho-
rylated protein@). The fractionf of DNA in complexes with two
strands is shown on the rigy¥axis (note that the scale is not linear).
As described in the texf) was derived from rati& according to

eq 16. The solid lines for NtrC-P represent the fit curve determined
according to the model described in eq 18 in which three complexes
can form: a DNA duplex with two NtrC-P dimers (BN a DNA
duplex with four NtrC-P dimers (DN, or a complex with four

be estimated from the Perrin equation to be about 200 nsNtrC-P dimers and two DNA strands {).

with the data given in rel0 (molecular mass of 507 kDa,
a partial specific volume of 0.711 mL/g, and a buffer

present in NtrC-P complexes with two ES-2 molecules. The

viscosity of 1.182 mPa s). This is a factor of 10 smaller than NtrC-P binding curves were acquired under conditions where

the shortest correlation times ofu® used in the analysis of

the frequently used simplification that the concentration of

the data and several orders of magnitude below the trans-free protein is approximately equal to the total protein

lational diffusion timer of 0.90+ 0.17 ms. Thus, although
the laser excitation was with linearly polarized light, any

concentration was not valid. In this case, analytical expres-
sions for multiple binding equilibria are very complex.

polarization effects on the detected fluorescence signal canTherefore, a numerical analysis of the data was conducted
be neglected because during the time of the measuremenwith the program BIOEQS3(, 31). BIOEQS fits theAG
all orientations of the complex are sampled and averaged.of formation of each species for a given model to the

From the measured rati®, the fractionf of DNA found
in NtrC-P complexes with two DNA strands was calculated
according to eq 16 (Figure 3B). At a NtrC concentration of
one dimer per binding site, a maximufnvalue of 0.7 was

experimental data. The simplest model that resulted in a good
fit of the data presented in Figure 3 was obtained with three
different NtrC—DNA complexes as shown in eq 18. In these
reaction schemes, D represents one ES-2 DNA and N one

measured; i.e., under these conditions, 70% of the DNA wasNtrC-P dimer. From the fit, the followindG values for the
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formation of each species were derived: strong NtrC binding A
sites 1 and 2

D + 2N=DN, AG, = 26.3+ 1.3 kcal/mol
D+ 4N=DN, AG,=46.2+ 4.0 kcal/mol  (18)
2D+ 4N=D,N, AG;=63.6+ 2.7 kcal/mol

The analysis of the FCCS data revealed that at the lowest /\
protein concentrations only the,B, and the DN complex m
were formed. Once all NtrC binding sites were occupied, 5"°;‘[t9e:‘1’2:["“g‘“9
any further increase in the protein concentration led to the
conversion of DN, and DN into the DN, complex, which
consists of four NtrC-P dimers and one ES-2 duplex.
strong NtrC binding
DISCUSSION sites 1.and 2 B

Previously, a value foAG of 23.2+ 1.8 kcal/mol in the
absence of ATP was measured by fluorescence anisotropy
for the noncooperative binding of two unphosphorylated NtrC
dimers to the same DNA under similar conditio28)( It is
known that phosphorylation leads to a strong cooperativity
of NtrC-P binding (, 2, 11, 32, 33). The AG value of 26.3

+ 1.3 kcal/mol determined here for the binding of two weak NtrG binding

NtrC-P dimers (formation of the DANcomplex in eq 18), as sites 3, 4 and 5

well as theAG values for the octamer complexes bahd FicURE 4: Schematic models for the NtrC-P complex with DNA.
D,N,, is consistent with previous measuremeits 82, 33). (A) The octameric complex of NtrC-P with one Egahd one ES-

. . 2, duplex as detected in the FCS/FCCS measurements is shown.
The free energy difference is about 3 kcal/mol for the;.DN Two NtrC dimers drawn in dark or light gray are bound directly to

species as compared to the binding of two unphosphorylatedgne duplex. Upon phosphorylation of the NtrC receiver domain
protein dimers in the absence of ATP. Thus, the quantitative (represented by a gray-scale gradient), they can associate with each
analysis of the FCCS data in terms of the stability of the other to form an octamer complex with two separate DNA strands.
different NtrC-P-DNA species vields values that are com- L%g‘&:;?;gg;gﬁe?ﬂé%g%‘; (;"‘r:f gﬁitee?hgr;\l?r%pgﬂéﬁnzliﬁz SOfart_Qe
patible with the data determined by othgr techniques. symmetric, a parallel orientation is equally possible. For a
Furthermore, the results of the FCCS experiments demon-pydrodynamic model of the NtrC-P complex with the ES-2 DNA,
strate clearly that the octamer complex of NtrC-P can see refl0. According to this model, the separation distance between
simultaneously bind two DNA duplexes as shown in the the two dyes is abo.ut 30 nm for an antiparallel orientation anq 20
scheme depicted schematically in Figure 4A. Such an nm for a parallel orientation. (B) Schematic model for a possible
; . . conformation of the looped intermediate formed between the
Interaction ha}s been prqpoged to explam the results f,romoctamer complex of NtrC-P and RNA#®* at thegIinAp2 promoter.
molecular weight determinations by analytical ultracentrifu- Two NtrC dimers are bound to strong sites 1 and 2 (template
gation at various NtrC/DNA ratios.(). On the basis of these  positions—148 to—132 and—116 to—100). Two additional NtrC
experiments, hydrodynamic models for the different N¢rC ~ dimers (light gray) can associate with the two DNA-bound dimers
and NtrC-P-DNA complexes were constructed. For the Lc_) fgym a_tNtrC Ioctartnetrhcomplextand could interact with the weak
model of the NtrC-P octamer with two ES-2 duplexes (Figure Inding sites close fo the promoter.
4A), a diffusion constanDey, of 1.9 x 1077 cn? s has accurate measurement of the binding stoichiometry of DNA
been calculated1Q). This is very similar to théDe, value to protein monomer3b). In the case of NtrC, this approach
of (2.2 £ 0.5) x 107 cn? s ! determined here from the s not applicable, since a stoichiometry of two NtrC-P dimers
measured diffusion time of 0.9 0.17 ms in the FCCS  per DNA strand would not be indicative for the formation
curves. According to the hydrodynamic model, the two dyes of a complex in which two DNA strands are bound. Thus,
would have a separation distance of-Z8D nm (Figure 4A). the two-color fluorescence cross-correlation experiments
In agreement with this conformation, no energy transfer presented here provide a new approach that offers unique
between FAM and ROX was measured since this separationpossibilities since the presence of multiple ligands of a
distance is well above the detection limit&8 nm for the protein complex can be directly revealed. In addition, the
FAM—ROX dye pair as explained in Materials and Methods. experiments were conducted in buffer solution under physi-
In previous electron microscopy and scanning force ological salt and protein concentrations and at equilibrium.
microscopy studies, wrapping of the DNA around multimers As shown for the analysis dcoRlI activity, kinetic FCCS
of a constitutively active NtrC mutant has been observed experiments are also possible with the current time resolution
(7, 34), as well as tethering of two enhancer-containing DNA limit being aroun 1 s @0, 21). Such experiments should
fragments by NtrC-P for some of the molecules that were also provide interesting information about the kinetics of
studied {5). However, these experiments do not provide DNA binding and multimerization of NtrC-P.
direct evidence for the presence of two independent DNA  The method described here for the analysis of the FCS/
binding sites at the NtrC-P enhancer complex. As demon- FCCS data allows a quantitative evaluation of the binding
strated for Escherichia coliRecA protein, simultaneous curves. Under optimal conditions, the majority of the DNA
binding of two DNA strands can also be identified with an (about 70%) was found to be present in NtrC-P complexes
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with two DNA strands. Thus, the existence of two indepen-
dent DNA binding sites appears to be a general feature of
the NtrC-P enhancer complex. This result could have
important implications for the conformation of the looped

intermediate between NtrC-P and RN#&P*, since the

NtrC-P complex at the enhancer could bind to the DNA at
an additional site while contacting the polymerase. Such an
interaction would be facilitated by NtrC binding sites close
to the promoter sequence. Interestingly, three weak binding
sites are found upstream of tggAp2 promoter at positions

—94 to —81, —73 to —60, and—53 to —37 in addition to
the two strong binding sites at positiond48 to—132 and

—116 to—100. The latter two sites are essential and sufficient
for the activation reactionl( 2). However, if the three weak
binding sites were replaced with a random DNA sequence,
the kinetic rate of open complex formation was 3 times
slower than with the wild-type DNA sequence as determined
in vitro with superhelical templates (A. Schulz, J. Langowski,
K. Rippe, manuscript in preparation). A corresponding
reduction in the extent of open complex formation under

equilibrium conditions has been reported previou8ly, 87).

However, the results have been attributed to the presence of
an intrinsically curved DNA sequence between enhancer and =

2.
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