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The transcription activator protein NtrC (nitrogen regulatory protein C)
can catalyze the transition of E. coli RNA polymerase complexed with the
s54 factor (RNAP �s54) from the closed complex (RNAP �s54 bound at the
promoter) to the open complex (melting of the promoter DNA). This pro-
cess involves phosphorylation of NtrC, assembly of a multimeric NtrC
complex at the enhancer DNA sequence, interaction of this complex with
promoter bound RNAP �s54 via DNA looping, and hydrolysis of ATP.
We have used analytical ultracentrifugation to study the different NtrC
association states and to derive hydrodynamic models for the confor-
mation of the various NtrC species. The following results were obtained.
(i) The unphosphorylated wild-type protein formed a dimer with a
measured molecular weight of 102(�3) kDa, which compares to a calcu-
lated molecular weight of 54 kDa for a monomer (concentration range
studied 2 to 8 mM NtrC monomer). (ii) In the unphosphorylated state one
NtrC dimer was bound to one binding site as determined with DNA oli-
gonucleotide duplexes containing one or two binding sites (concentration
range studied 50 to 1000 nM NtrC dimer). (iii) The data obtained at pro-
tein concentrations that were below the concentration of binding sites
indicate that binding to the DNA duplex with two binding sites occurred
with essentially no cooperativity. The experiments were conducted in the
absence of ATP. (iv) The phosphorylated protein formed a speci®c com-
plex at the DNA duplex with the enhancer sequence (two NtrC binding
sites) that consisted of four dimers (concentration range studied 100 to
1000 nM NtrC dimer). (v) The formation of this octameric complex was
highly cooperative, and the data suggest that two DNA strands could
bind simultaneously to this complex. (vi) From the sedimentation data a
model was derived in which the NtrC dimer adopts a V shaped structure
with the DNA binding domains being located at the bottom and the two
receiver domains at the top of the V. In this conformation higher order
NtrC complexes can be stabilized by interaction between the phosphory-
lated receiver domain and the central activation domain of different NtrC
dimers.
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Introduction

Nitrogen regulatory protein C (NtrC, also desig-
nated nitrogen regulator I or NRI) from Escherichia
coli is one of the activator proteins of E. coli RNA
polymerase s54 holoenzyme (RNAP �s54) for a var-
iety of genes that are involved in nitrogen utiliz-
ation (Magasanik, 1996; North et al., 1993). The
distal location of the NtrC binding sites found

Abbreviations used: NtrC, nitrogen regulatory protein
C; NtrC-P, phosphorylated NtrC; RNAP �s54, E. coli
RNA polymerase s54 holoenzyme; NtrB, nitrogen
regulatory protein B; AUC, analytical
ultracentrifugation; M, molecular weight;
s, sedimentation coef®cient; D, diffusion constant;
BSA, bovine serum albumin.
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in vivo requires looping of the intervening DNA to
interact with RNAP �s54 at the promoter (Gralla &
Collado-Vides, 1996; Reitzer & Magasanik, 1986;
Rippe et al., 1997; Su et al., 1990; Wedel et al., 1990).
As deduced from gel ®ltration experiments,
unphosphorylated NtrC forms a dimer free in
solution, and it has been concluded from gel
electrophoretic analysis that a dimer is bound to a
single NtrC binding site on the DNA (Klose et al.,
1994; Porter et al., 1993; Reitzer & Magasanik,
1983).

Wild-type NtrC is phosphorylated in vivo by the
NtrB protein (nitrogen regulatory protein B, also
designated nitrogen regulator II or NRII) at Asp54
which greatly increases the cooperativity of DNA
binding to two sites (Chen & Reitzer, 1995; Porter
et al., 1993; Weiss et al., 1992) and activates the
ATPase function of NtrC (Weiss et al., 1991). The
same phosphorylation of NtrC can be reproduced
in vitro by the addition of a phosphorylating
chemical like carbamyl phosphate (CH2NO5PNa2)
in the presence of MgCl2 (Feng et al., 1992). The
phosphorylation state of NtrC and its ability to
form larger complexes at the enhancer appear to
be interconnected (Porter et al., 1993; Weiss et al.,
1992; Wyman et al., 1997). Furthermore, it has been
shown in a number of studies that the unpho-
sphorylated protein cannot activate transcription,
and deletion of the second NtrC binding site leads
to a large reduction in the activation rate (Austin &
Dixon, 1992; Mettke et al., 1995; Porter et al., 1993;
Weiss et al., 1991, 1992). Thus, oligomerization of
phosphorylated NtrC dimers at the enhancer is
required for the formation of an active NtrC
complex and appears to be a crucial feature of its
biological function.

Higher order complexes of NtrC dimers are too
unstable to be studied by gel electrophoresis
(Porter et al., 1993), but they have been observed
by electron microscopy (Porter et al., 1993; ReÂvet
et al., 1995; Su et al., 1990) and scanning force
microscopy (Rippe et al., 1997; Wyman et al., 1997).
For the constitutively active mutant NtrCS160F it
has been demonstrated by analytical ultracentrifu-
gation that the free protein oligomerizes to form a
higher order state like a hexamer or an octamer in
the presence of ATPgS (Farez-Vidal et al., 1996). In
addition, the results of ¯uorescence anisotropy
measurements indicate that this holds true also for
the complex of NtrCS160F with the enhancer DNA
(Sevenich et al., 1998). A quantitative analysis by
scanning force microscopy in air revealed that 30%
of the complexes formed with phosphorylated
NtrC (NtrC-P) at the enhancer were larger than
two dimers, and it was shown that oligomerization
of NtrC-P is required for transcriptional activation
(Wyman et al., 1997). These results have led to the
idea that NtrC binds as an octameric complex at
the enhancer upon phosphorylation of the protein
(Wyman et al., 1997).

However, with the above mentioned methods it
has not been possible to determine the exact size of
the active NtrC complex formed upon phosphoryl-

ation at the enhancer DNA sequence under native
equilibrium conditions free in solution. As this is a
central point for understanding the mechanism by
which NtrC functions as a transcription activator,
we have used analytical ultracentrifugation (AUC)
to study the different association states of NtrC.
AUC is a well established method to measure the
absolute molecular weight M of a protein or a
protein-DNA complex very accurately in sedimen-
tation equilibrium runs. In addition, hydrodynamic
parameters like the sedimentation coef®cient s and
the diffusion constant D can be determined by
sedimentation velocity analysis. For recent reviews
on the method see Hensley (1996), Laue (1995),
Schuster & Toedt (1996), Stafford (1997).

Results

Characterization of NtrC protein preparation

To provide a simple and ef®cient protein puri®-
cation procedure for the NtrC protein the gene for
NtrC was cloned in pET15b from Novagen and
over-expressed with a N-terminal His-tag (see
Materials and Methods). This protein was used in
all the experiments described below. After puri®-
cation no contaminating bands were detectable on
a Coomassie stained SDS-gel (data not shown) and
the purity was estimated to be >95%. The protein
preparation was tested in gel-shift assays for
speci®c binding to the DNA oligonucleotide
duplexes ES-1 and ES-2 (data not shown), the
sequence of which is given in Figure 1. The NtrC
binding site in these duplexes corresponded to the
high af®nity NtrC binding site Lp overlapping the
promoter for ntrB (glnL) (Magasanik, 1996). The
32 bp DNA duplex ES-1 contained one binding
site, and the 59 bp DNA duplex ES-2 had two of
these binding sites (Figure 1).

The activity of the His-tagged NtrC protein
preparation studied here was con®rmed with the
plasmid pJES534 in an in vitro transcription assay
(Klose et al., 1993; Porter et al., 1993). This template
has an enhancer sequence with two NtrC binding
sites, identical to the sequence of the ES-2 duplex,
at a distance of about 460 bp from the promoter. In
Figure 2 activation of RNAP �s54 transcription by
phosphorylated His-tagged NtrC (lane 3) was
demonstrated by the appearance of the speci®c 155
nucleotide transcript. As expected, with the unpho-
sphorylated protein (lane 2) or in the absence of
NtrC (lane 1) no transcript was detectable. The
experiments shown in Figure 2 were conducted
with a NtrC concentration of 15 nM dimer and
5 nM plasmid template. In titrations of our various
protein preparations we observed the maximal
amount of transcription activation at 15 to 20 nM
NtrC. The protein and DNA concentrations were
determined by absorbance measurements. This cor-
responded to a ratio of three to four NtrC dimers
per DNA template. Our preparation of His-tagged
NtrC was compared to the original E. coli wild-
type NtrC which had been puri®ed as described
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(Mettke et al., 1995) and was kindly provided by
Verena Weiss. No differences were observed
between the two protein preparations with respect
to DNA binding, transcriptional activation and the
association properties as analyzed by analytical
ultracentrifugation. This indicates that the His-tag
did not alter the properties of the protein.

Analytical sedimentation
equilibrium ultracentrifugation

In order to determine the molecular weight of
the different association states of NtrC we used
sedimentation equilibrium ultracentrifugation.
Typical data sets are displayed in Figure 3, and the
results of the analysis are summarized in Table 1.
For unphosphorylated NtrC protein in the absence
of DNA a molecular weight of 102(�3) kDa was
measured in the concentration range of 2 to 8 mM
NtrC monomer. This shows that the protein
formed a dimer since the calculated M for a mono-
mer is 54 kDa. A data set with the ®t to a single
exponential (equation (1), Materials and Methods)
is displayed in Figure 3a (open circles). The ®t was
very good and revealed no signs for the presence
of additional species, as can be deduced from the
residuals of the ®t which showed no correlation.
Thus, within the concentration range studied (2 to
8 mM NtrC monomer) the only existing species
was a dimer.

Typical data for the binding of NtrC to the DNA
duplexes ES-1 and ES-2 are presented in Figure 3b.
For the analysis of these data a two exponential ®t
(equation (2), Materials and Methods) was used in
which the molecular weight of the free DNA was
®xed at 19.9 kDa (ES-1) or 36.6 kDa (ES-2) and
only the molecular weight of the complex was
allowed to vary. The ®t to this model was also
very good as can be seen from the residuals shown
in Figure 3b. This was also true for the data
obtained at other protein concentrations. That the
analysis as a non-associating two component sys-
tem is valid can be explained by the high af®nity
of NtrC to the DNA and the low absorbance of the
free protein at 260 nm as compared to the
DNA. We determined a microscopic (or intrinsic)
DNA dissociation constant for NtrC of
Kd � 4.6 � 10ÿ10 M (Sevenich et al., 1998) under the
conditions used for AUC which is consistent with
the value given by Weiss et al. (1992) if the differ-
ence in salt concentration is accounted for. As can
be seen in Figure 3b the lowest absorbance in the
scans at low radial position is about 0.04 (ES-2)

Figure 1. Oligonucleotide duplexes used in this study. The NtrC binding sites are shaded gray and the recognition
sequence is printed in bold. The ES-1 duplex (32 bp) has a single binding site and the ES-2 duplex (59 bp) has two
NtrC binding sites as indicated.

Figure 2. Analysis of the products from the single
round transcription assay on a 6% denaturing polyacryl-
amide gel. Transcription was studied in the absence
(lane 1) or presence of NtrC (lane 2 and 3), either
unphosphorylated (lane 2) or phosphorylated by the
addition of 25 mM carbamyl phosphate (lane 3) as
described in Materials and Methods.
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and 0.07 (ES-1) and increases with the distance
from the center of the rotor. This absorbance corre-
sponds to a minimal concentration of 80 to 130 nM
binding sites, a value which is about 200 times
higher than Kd. Thus, throughout the cell we have
conditions of stoichiometric binding, i.e. the con-
centration of free protein is smaller than 1% of the
total protein concentration as long as the total pro-
tein concentration is below the concentration of
binding sites. Under these conditions the absor-
bance of the free protein can be neglected. After
saturation of the binding sites additional protein
will be free in the solution. However, since the
extinction coef®cient of the NtrC dimer at 260 nm

is only about 10% of the DNA absorbance of one
binding site its contribution can be neglected up to
concentrations of free protein that would corre-
spond to that of the DNA. This can be seen most
easily in Figure 4. At a constant concentration of
400 nM ES-1 duplex the molecular weight of the
complex was determined at protein concentrations
from 50 to 900 nM NtrC dimer from a ®t of the
data to equation (2). The resultant value for M was
independent of the protein concentration with an
average value of 134(�8) kDa which was very
close to that calculated for the complex of one
NtrC dimer with ES-1 of 128 kDa (Table 1). Only
the points taken at the highest protein concen-

Figure 3. Equilibrium sedimentation data. Centrifugation was carried out at 10,000 rpm and 4�C for 20 hours as
described. In the bottom part of the Figure the measured absorbance at 260 nm versus the radial position (distance to
the center of the rotor) is shown. The top part of the Figure gives the residuals to the ®t expressed as the difference
between experimental and ®tted values. Only every third data point is shown. a, DNA duplex ES-1 (&) at a concen-
tration of 400 nM, DNA duplex ES-2 (&) at a concentration of 200 nM, and NtrC protein (*) at a concentration of
7.2 mM monomer. The continuous line represents the result from a single exponential ®t of the data points. For the
data presented in this Figure the molecular weights determined from the ®t were 21 kDa (ES-1 DNA), 37 kDa (ES-2
DNA), and 107 kDa (NtrC). For average values determined over a range of concentrations see Table 1. b, The con-
tinuous line represents the result from the two exponential ®t of the data points. In the ®t the M of the free DNA
component was ®xed at 19.9 kDa (ES-1) or at 36.6 kDa (ES-2), and only the M of the DNA-protein complex was
allowed to vary. For average values obtained over a range of different protein concentrations see Table 1. (&) NtrC
complex formed with 400 nM DNA duplex ES-1 at a protein concentration of about 300 nM dimer. The molecular
weight for the complex determined from the ®t of this data set was 137 kDa with about 70% of the DNA duplexes
being bound by NtrC. (&) NtrC complex formed with 190 nM DNA duplex ES-2 at a protein concentration of about
420 nM dimer. From the ®t of the data set shown M � 262 kDa was determined for the complex with about 15% of
the DNA being free. The residual free ES-2 DNA is likely to be inactive in protein binding due to chemical modi®-
cation during DNA synthesis (see Materials and Methods). It was not observed with another synthesis of the ES-2
duplex at identical NtrC concentrations. (*) NtrC complex formed upon phosphorylation of the protein by carbamyl
phosphate with DNA duplex ES-2 (200 nM) at a protein concentration of about 420 nM dimer. The value of M for
the complex determined from the ®t was 480 kDa with about 30% of free DNA.
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tration of unphosphorylated protein (800 to
1000 nM in Figures 4 and 5) included a signi®cant
contribution of free protein to the measured absor-
bance. This lead to a small decrease of the average
value of M for the complex but the effect was less
than the experimental error.

The dependence of the molecular weight of the
NtrC-DNA complexes formed with the ES-2 DNA
duplex that has two NtrC binding sites is shown
over a range of protein concentrations in Figure 5.
The open symbols refer to unphosphorylated NtrC.
The separate addition of MgCl2 (open circles) or
carbamyl phosphate (open triangles) had no sig-
ni®cant effect, since the chemical phosphorylation
reaction by carbamyl phosphate requires MgCl2
(Feng et al., 1992). At NtrC dimer concentrations
below the concentration of binding sites, the appar-
ent molecular weight of the complex increased lin-
early with the protein concentration (Figure 5).
This indicated that binding to the DNA duplex
with two binding sites occured with no or very lit-
tle cooperativity as the data in this regime revealed
the existence of a species where only one protein
dimer was bound to the DNA. The distribution of
the two species (one or two dimers bound) under
the conditions of the experiment can be simulated

Figure 4. Molecular weight of complexes formed with
unphosphorylated NtrC and the ES-1 DNA with a
single binding site. The samples included 400 nM ES-1
and the indicated NtrC dimer concentrations in potass-
ium-acetate buffer. The molecular weight of the
NtrC �ES-1 complex was determined from a ®t of the
data to equation (2) with a ®xed molecular weight of
19.9 kDa for the free ES-1 DNA duplex.

Table 1. Molecular weight (M) of NtrC and DNA complexes determined by analytical ultracentrifugation

M measured n20�C M calculated
(kDa) Association state (ml gÿ1) (kDa)

DNA duplex ES-1 20 � 2 DNA duplex 0.538 20
(single NtrC binding site)

DNA duplex ES-2 37 � 2 DNA duplex 0.538 37
(two NtrC binding sites)

NtrC protein 102 � 3 NtrC dimer 0.740 108

NtrC protein, ES-1 DNA 134 � 8 1 NtrC dimer 0.709 128
�1 ES-1 duplex

NtrC protein, ES-1 DNA 417 � 56 Multiple speciesa 0.723a 128-513a

CH2NO5PNa2, MgCl2

NtrC protein, ES-2 DNA 161 � 17b 1 NtrC dimer 0.689 145
DNA duplex in excess �1 ES-2 duplex

NtrC protein, ES-2 DNA 262 � 12 2 NtrC dimers 0.711 253
NtrC protein in excess �1 ES-2 duplex

NtrC protein, ES-2 DNA, 240 � 8 2 NtrC dimers 0.711 253
MgCl2 �1 ES-2 duplex

NtrC protein, ES-2 DNA, 247 � 7 2 NtrC dimers 0.711 253
CH2NO5PNa2 �1 ES-2 duplex

NtrC protein, ES-2 DNA, 500 � 25 4 NtrC dimers 0.711 507
CH2NO5PNa2, MgCl2, �2 ES-2 duplexes

DNA duplex in excess
NtrC protein, ES-2 DNA, 451 � 16 4 NtrC dimers 0.724 470
CH2NO5PNa2, MgCl2, �1 ES-2 duplex
NtrC protein in excess

The data are averages of 5 to 20 measurements and were determined as described in Materials and Methods. For typical data sets
see Figure 3. The parameter n is the calculated partial speci®c volume of a given complex.

a The data indicated the presence of multiple species which according to the sedimentation velocity analysis could include ES-1
with one NtrC dimer (128 kDa), a complex of ES-1 with two NtrC dimers (236-256 kDa), and an octameric complex of NtrC with
ES-1 (452-512 kDa). The value of n refers to a complex of four NtrC dimers and two ES-1 duplexes.

b Extrapolation of the data shown in Figure 5 to zero protein concentration after correction for the different partial speci®c
volume.
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with the program BIOEQS (Royer, 1993; Royer &
Beechem, 1992) for different cooperativity con-
stants k12 as de®ned by Ackers et al. (1983) using
the microscopic dissociation constants of
k1 � k2 � 5 � 10ÿ10 M (Sevenich et al., 1998) and a
DNA concentration of 190 nM duplex. From these
data the average molecular weight of the complex
can be determined and curves for k12 � 1, k12 � 5
and k12 � 20 are presented in Figure 5. It can be
seen that the best ®t of the data is given by the
curve for k12 � 1. At saturating protein concen-
trations the molecular weight became independent
of the protein concentration reaching an average
value of 250(�12) kDa if all data at saturating pro-
tein concentrations were averaged (Table 1). This
demonstrates the binding of two NtrC dimers to
the two DNA binding sites in agreement with a
calculated molecular weight of 253 kDa for this
complex.

If NtrC was phosphorylated by the addition of
carbamyl phosphate (CH2NO5PNa2) and MgCl2
to the buffer its association properties changed

dramatically. A speci®c complex formed at the
DNA duplex ES-2 with the enhancer sequence
(two NtrC binding sites) that consisted of four
NtrC dimers (open circles Figure 3b, and ®lled
squares Figure 5, Table 1). In addition to the two
DNA bound NtrC dimers, the two additional
NtrC dimers had to be bound via protein-protein
interactions, because the size of the DNA duplex
excludes binding of more than two NtrC dimers
to the DNA. The formation of this octameric
complex was highly cooperative, since it already
appeared at the lowest protein concentrations stu-
died (100 nM NtrC dimer). At this protein con-
centration an excess of DNA duplexes (total
concentration 200 nM) was present. Interestingly,
the molecular weight of the complex decreased
slowly upon increasing the protein concentration
and showed a plateau once saturating protein
concentrations were reached. This observation
suggests that two DNA strands could bind simul-
taneously to this complex if an excess of DNA
was present (calculated M � 507 kDa, Table 1).
At saturating protein concentrations the value of
M reached a plateau at 451(�16) kDa. This
demonstrates that a complex was formed that
consisted of four NtrC dimers bound to the ES-2
duplex with a calculated M of 470 kDa (Table 1).

With the ES-1 DNA which has only a single
NtrC site the average molecular weight was
417(�56) kDa if NtrC was phosphorylated but the
data indicated that more than two species (free ES-1
DNA and its complex with NtrC-P) were present.
These could be for example a complex of ES-1 with
one NtrC dimer (M � 128 kDa), a complex with
two NtrC dimers (M � 236 to 256 kDa) and a com-
plex with four NtrC dimers (452 to 513 kDa). For
the latter two forms the exact value of M will
depend on the number of ES-1 duplexes bound.
Since the average molecular weight of
417(�56) kDa was only about 10% lower than the
value expected for an octameric NtrC complex the
data suggest that a signi®cant amount of this
association state was present.

Analytical sedimentation
velocity ultracentrifugation

In order to con®rm the results from the equili-
brium runs and to obtain additional information
on the shape of the various NtrC and DNA species
we conducted a sedimentation velocity analysis.
The data were evaluated according to the g(s*)
method developed by Walter Stafford (Stafford,
1992, 1994a, 1997). Since the g(s*) analysis yields
both the sedimentation coef®cient s from the peak
of the curve and the diffusion constant D from its
width, the apparent molecular weight can also be
determined (see Materials and Methods). The sedi-
mentation runs are conducted under non-equili-
brium conditions and the different species can be
partly separated during the runs. For weakly
interacting species this could lead to an apparent
sedimentation coef®cient that is different from that

Figure 5. Molecular weight of NtrC complexes at the
enhancer DNA sequence ES-2. Complexes were formed
with 190 nM DNA duplex ES-2 and the indicated NtrC
concentrations either in potassium acetate buffer (&), or
in the same buffer supplemented with 10 mM MgCl2
(*), 25 mM carbamyl phosphate (~), or with 10 mM
MgCl2 and 25 mM carbamyl phosphate (&). Only the
latter conditions will lead to phosphorylation of NtrC.
The molecular weight of the NtrC-DNA complex was
determined from a two exponential ®t of the data. In
the ®t the molecular weight of the free ES-2 DNA
duplex was ®xed at 36.6 kDa and only the value of M
for the DNA-protein complex was allowed to vary. The
results from the analysis and the calculated M for the
different association states are summarized in Table 1.
The molecular weight data for unphosphorylated NtrC
in the absence of MgCl2 and carbamyl phosphate (open
squares) were ®tted with curves giving the expected
average M for different cooperativity constants k12 as
de®ned by Ackers et al. (1983) namely k12 � 1 (Ð),
k12 � 5 (± ± ±) and k12 � 20 ( � � � � � � ).
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of a stable complex. However, for hetero-associat-
ing systems with an equilibrium dissociation
constants of 10ÿ9 M and loading concentrations of
100 nM the error in the sedimentation coef®cient
for the g(s*) analysis is only in the order of 0.1 S
(Stafford, 1994b). In our case Kd is 4.6 � 10ÿ10 M
for unphosphorylated NtrC (Sevenich et al., 1998)
and 4 � 10ÿ12 M for the cooperative binding of
phosphorylated NtrC with k12 � 230 (Porter et al.,
1993). The DNA loading concentrations were at
about 600 nM binding sites. With a typical stan-
dard deviation of 0.2 to 0.4 S for the determination
of the sedimentation coef®cients the effect of inter-
acting species can be neglected.

The values of the sedimentation coef®cient and
the diffusion constant measured at 4�C in buffer
are given in Table 2 and the corresponding values
corrected to standard conditions (20�C, H2O) are
summarized in Table 3 together with the molecular
weight determined from s and D. Representative
g(s*) plots are displayed in Figures 6 and 7. From
the measured sedimentation coef®cients hydrodyn-
amic models of the different complexes were
derived which are shown in Figure 8. Using the
program HYDRO (Garcia de la Torre et al., 1994)
sedimentation coef®cients and diffusion constants
were calculated for the different models. These

data are included in Table 3 and are compared to
the measured values.

In Figure 6a the sedimentation velocity analysis
of the two DNA duplexes ES-1 and ES-2 is pre-
sented. From the sedimentation coef®cient, we
determined a hydration of 0.92 and 0.89 g water/g
DNA (Table 2). These values were derived from
the measured friction coef®cient of the DNAs
using the model of a circular cylinder (Tirado &
Garcia de la Torre, 1979). The dimensions of a
cylinder representing the unhydrated DNA were
calculated from the partial speci®c volume of the
DNA (0.538 ml gÿ1 at 20�C) and the expected
length of 10.9 nm (ES-1) and 20.1 nm (ES-2)
according to the number of base-pairs (helical rise
0.34 nm/base-pair). To this cylinder the hydration
volume was added by increasing the diameter of
the cylinder until the calculated and measured fric-
tion coef®cients agreed. As an additional constraint
the diameter of both duplexes had to be the same,
and a value of 2.34 nm for the hydrodynamic
diameter of the DNA was computed. The molecu-
lar weight of ES-1 and ES-2 determined according
to equation (8) gave the expected values (Table 3).
Our values of �30 molecules water/base-pair or
0.9 g water/g DNA hydration (Table 2) and a
hydrodynamic DNA radius of 1.17 nm agreed well

Table 2. Size and shape parameters of NtrC and DNA complexes determined from sedimentation velocity analysis at
4�C

s4,buf D4,buf � 107 H2O
a Vhyd

b Vmod
c f/fo

d

(S) (cm2 sÿ1) (g/g) (cm3) (cm3)

DNA duplex ES-1 1.5 � 0.1 4.0 0.92 4.8 � 10ÿ20 5.1 � 10ÿ20 1.24
(single NtrC binding site)

DNA duplex ES-2 2.0 � 0.1 4.1 0.89 8.7 � 10ÿ20 1.0 � 10ÿ19 1.45
(two NtrC binding sites)

NtrC protein 2.7 � 0.1 2.4 0.37 2.0 � 10ÿ19 2.1 � 10ÿ19 1.32

NtrC protein, ES-1 DNA 3.3 � 0.1 2.4 0.45 2.5 � 10ÿ19 2.6 � 10ÿ19 1.34

NtrC protein, ES-1 DNA, 6.5 � 0.2e 4.9 0.42 8.9 � 10ÿ19 9.2 � 10ÿ19 1.53
CH2NO5PNa2, MgCl2,

NtrC protein, ES-2 DNA 3.4 � 0.2f ± 0.50 2.8 � 10ÿ19 3.0 � 10ÿ19 1.57
DNA duplex in excess

NtrC protein, ES-2 DNA 4.7 � 0.2 1.3 0.45 4.9 � 10ÿ19 5.1 � 10ÿ19 1.47
NtrC protein in excess

NtrC protein, ES-2 DNA, 7.5 � 0.2 3.0 0.45 9.8 � 10ÿ19 1.0 � 10ÿ18 1.41
CH2NO5PNa2, MgCl2,
DNA duplex in excess

NtrC protein, ES-2 DNA, 6.3 � 0.2 1.8 0.41 8.9 � 10ÿ19 9.2 � 10ÿ19 1.59
CH2NO5PNa2, MgCl2,
NtrC protein in excess

The data are averages of two or three measurements. The standard deviation of s was 3% and for the diffusion coef®cient D it was
15%. For typical data sets see Figures 6 and 7. Sedimentation and diffusion coef®cients refer to 4�C in KCl buffer and were deter-
mined from the g(s*) plot as described in Materials and Methods (equations (5) to (7)).

a Hydration given in g water per g protein or g DNA. The amount of hydration for NtrC was calculated from the amino acid
sequence (Kuntz & Kauzmann, 1974) or in the case of the DNA determined from the ®t to a cylindrical model (Tirado & Garcia de
la Torre, 1979).

b Vhyd is the hydrated volume calculated from the partial speci®c volume given in Table 1 and the amount of hydration.
c Vmod is the volume of the bead model constructed as described in Results. Some of the models are depicted in Figure 8.
d Ratio of the measured friction coef®cient f to the friction coef®cient f0 of a sphere with the same volume including hydration.
e Sedimentation coef®cient of the largest peak (60 to 70% of the material) which included at least two different species.
f Determined from extrapolation to zero protein concentration.
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with literature values. Other estimates of DNA
hydration have given 22 to 24 molecules water/
base-pair that are in direct contact with DNA
(Saenger, 1984). Since another 16 to 18 molecules of
water/base-pair are believed to be also in the pri-
mary hydration shell but not bound directly to the
DNA, this would lead to a total of 40 molecules of
water/base-pair or 1.16 g water/g DNA (Saenger,
1984). In a recent AUC study the authors estimated
a value of 0.8 to 1 g water/g DNA for a set of
DNA duplexes (Bonifacio et al., 1997).

The g(s*) plot of NtrC protein (Figure 6b, left
curve) showed the presence of a single species
with s20,w � 5.2(�0.2) S and D20,w � 4.7(�0.7) �
10ÿ7 cm2 sÿ1. The value of M � 103(�16) kDa cal-
culated from s20,w and D20,w (Table 3) corresponded
to that expected for a dimer (108 kDa) and con-
®rmed the sedimentation equilibrium analysis pre-
sented above where M � 102(�3) kDa was
determined (Table 1). For the complex of NtrC and
ES-1 s20,w � 6.3(�0.2) S and D20,w � 4.7(�0.7) �
10ÿ7 cm2 sÿ1 were measured (Figure 6b, right
curve; Table 3) yielding M � 112(�17) kDa in
agreement with the sedimentation equilibrium
data (M � 134(�8) kDa; Table 1).

The results of the sedimentation velocity analysis
of NtrC complexes formed with the ES-2 DNA
fragment support the conclusion that unpho-
sphorylated NtrC does not bind cooperatively to

the two binding sites of the ES-2 duplex. This can
be seen from the g(s*) plots at different protein con-
centrations (Figure 7a, Table 2). At saturating pro-
tein concentrations the dominant species had a
s4,buf value of 4.7(�0.2) S and no free ES-2 duplex
(s4,buf � 2.0(�0.1) S) was detectable (Figure 7a, red
curve). The peak at s4,buf � 4.7(�0.2) S represented
the species with two NtrC dimers bound (Tables 2
and 3). Upon lowering the protein concentration so
that the DNA was in excess (Figure 7a, green and
black curves) the s4,buf value shifted to an extrapo-
lated 3.4(�0.2) S at zero protein concentration
which was predicted for that of a single NtrC
dimer bound to ES-2 (Tables 2 and 3). The inter-
mediate values indicated that a mixture of DNAs
with one and two dimers was present. Decompo-
sition of the g(s*) plot at about 50% free DNA
(black curve in Figure 7a) yielded about equal con-
centrations of the species with one NtrC dimer
(s4,buf � 3.4(�0.2) S) and with two dimers
(s4,buf � 4.7(�0.2) S). This would correspond to a
cooperativity constant of k12 � 1 (Ackers et al.,
1983; Hudson & Fried, 1990; Porter et al., 1993).

The complexes formed between phosphorylated
NtrC and ES-2 displayed again a dependence on
the protein/DNA ratio similar to that observed in
the equilibrium runs (Figure 5, Tables 2 and 3). At
an excess of DNA duplex (Figure 7b, green curve)
a peak at s4,buf � 7.5(�0.2) S was observed. Some

Table 3. Sedimentation velocity data of NtrC and DNA complexes compared with hydrodynamic models

s20,w smodel D20,w � 107 Dmodel � 107 Msed
a Mcalc

(S) (S) (cm2 sÿ1) (cm2 sÿ1) (kDa) (kDa)

DNA duplex ES-1 2.9 � 0.1 3.0 7.8 � 1.1 8.0 20 � 3 20
(single NtrC binding site)

DNA duplex ES-2 3.9 � 0.1 3.7 5.9 � 0.9 5.3 35 � 6 37
(two NtrC binding sites)

NtrC protein 5.2 � 0.2 5.3 4.7 � 0.7 4.6 103 � 16 108

NtrC protein, ES-1 DNA 6.3 � 0.2 6.2 4.7 � 0.7 4.1 112 � 17 128

NtrC protein, ES-1 DNA, 12.6 � 0.4 14.4b 9.5 � 1.3c 2.7b 408c 473b

CH2NO5PNa2, MgCl2,

NtrC protein, ES-2 DNA 6.5 � 0.3d 6.4 ± 3.4 ± 145
DNA duplex in excess

NtrC protein, ES-2 DNA 9.0 � 0.3 9.0 2.6 � 0.4 3.0 290 � 46 253
NtrC protein in excess

NtrC protein, ES-2 DNA, 14.4 � 0.4 15.0 5.8 � 0.9c 2.5 483c 507
CH2NO5PNa2, MgCl2,
DNA duplex in excess

NtrC protein, ES-2 DNA, 12.1 � 0.4 14.4 3.5 � 0.6c 2.7 394c 470
CH2NO5PNa2, MgCl2,
NtrC protein in excess

The sedimentation and diffusion coef®cients given in Table 2 were corrected to standard conditions (20�C, H2O) according to
equations (9) and (10) and are compared to the corresponding values calculated with the program HYDRO for the model complexes
shown in Figure 8.

a The molecular weight M was determined from s and D according to equation (8).
b The calculated values refer to an NtrC octamer with two ES-1 duplexes bound.
c The obvious discrepancy in the D values determined from the band broadening in sedimentation velocity analysis and the calcu-

lated values for the model can be explained by the simultaneous presence of two or more species which are not resolved in the g(s*)
plot. This will lead to a broadening of the peak and an arti®cially high apparent value of D. To calculate M from s and D in this
case the D values from the model were used with the experimentally determined s values.

d Determined from extrapolation to zero protein concentration (see Figure 7a). A diffusion constant could not be determined.
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free ES-2 DNA (s4,buf � 2.0(� 0.1) S) was also pre-
sent. At increasing protein concentrations the peak
at s4,buf � 7.5(�0.2) S shifted to a lower value of
s4,buf � 6.3(�0.2) S (note that these are the uncor-
rected s and D values aquired in KCl buffer at
4�C). At high protein concentrations an additional
species appeared with s4,buf � 10 S (s20,w � 19 S,
Figure 7b, red curve).

The sedimentation velocity analysis of a sample
of phosphorylated NtrC and the ES-1 duplex (data
not shown) con®rmed the existence of multiple
species as already detected in the analysis of the
equilibrium runs. From the observed sedimen-
tation coef®cients we could identify the free DNA
(peak at s4,buf � 1.5), the complex of one NtrC
dimer and ES-1 (peak at s4,buf � 3.3) and a mixture
of at least two species (60 to 70% of total material)
with a peak at s4,buf � 6.5 in the g(s*) plot (Tables 2

and 3). A complex that includes two NtrC
dimers would have a calculated sedimentation
coef®cient of about 5 S for the conformation
shown in Figure 8c and d under the conditions
of the experiment. From the results obtained
with the ES-2 duplex described above we
deduce that the octameric NtrC complex would
display s4,buf values of 6 to 8 S. Thus, the data
are consistent with the assumption that the
majority of the protein associates in complexes
that include two to four NtrC dimers. Since the
ES-1 DNA is too short to bind more than one
dimer per duplex these complexes could be
stabilized by the protein-protein interactions
depicted in Figure 8c and d.

Figure 6. Representative g(s*) plots of DNA duplexes,
free NtrC protein and the NtrC �ES-1 complex. The
curves shown are a Gaussian ®t of the data. a, DNA
duplex ES-1 (left curve) and DNA duplex ES-2 (right
curve). b, NtrC protein (left curve) and NtrC �ES-1 com-
plex (right curve). In the latter sample some free ES-1
DNA is present that has a s value of 1.5 S under these
conditions (see a).

Figure 7. Representative g(s*) plots of NtrC complexes
formed with the ES-2 DNA duplex. The curves dispayed
are the ®t of the data to a sum of two Gaussian func-
tions. a, DNA duplex ES-2 � NtrC. The DNA duplex
concentration was 320 nM (�640 nM binding sites). The
curves refer to different protein dimer concentrations:
640 nM (red), 320 nM (black), and 160 nM (green).
b, Complexes formed by phosphorylated NtrC with ES-
2. The DNA duplex concentration was 320 nM. The two
curves refer to different protein dimer concentrations:
1600 nM (red) and 640 nM (green).
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Hydrodynamic models

The hydrodynamic properties of DNA are well
described with a hydrodynamic diameter of
2.4 nm (Hagerman & Zimm, 1981) which is very
close to the hydrodynamic diameter of DNA deter-
mined here (2.34 nm) and in the range of 2.1 to
2.7 nm reported previously by various other
methods (Bonifacio et al., 1997; Eimer & Pecora,
1991; Kovacic & van Holde, 1977; Porschke, 1991).
For a DNA cylinder with a hydrodynamic diam-
eter of 2.4 nm the diffusion constant is reproduced
by a string of beads with radius r � 1.6 nm
(Hagerman & Zimm, 1981; Klenin et al., 1998;
Merlitz et al., 1998). Accordingly, our model of the
DNA duplex ES-1 consisted of three beads and for
ES-2 of six beads with r � 1.6 nm. This corre-
sponded to a length of 9.6 nm (ES-1) and 19.2 nm
(ES-2), which is close to the calculated length of the
two DNAs. Note that only an integral number of
beads can be used in the model. The s and D
values computed with HYDRO for this parameter
set were similar to those measured in the sedimen-

tation velocity runs and demonstrate that the DNA
models were adequate (Table 3).

To derive a hydrodynamic model for the NtrC
protein from the sedimentation velocity data we
used the following approach. From previous stu-
dies it has been concluded that the E. coli NtrC
monomer and the closely related protein from Sal-
monella consists of four domains (Fiedler & Weiss,
1995; North et al., 1996; Osuna et al., 1997): The
amino-terminal receiver domain (residues 1 to 120;
Volkman et al., 1995), a ¯exible glutamine rich lin-
ker (residues 121 to 133), the central activation
domain (residues 134 to 371; Osuna et al., 1997),
and the C-terminal DNA binding domain that is
homologous to FIS protein (residues 372 to 469;
Kostrewa et al., 1991, 1992; North et al., 1993; Pan
et al., 1996; Yuan et al., 1991) (note that the E. coli
NtrC sequence given by North et al. (1993) has
been revised by Blattner et al. (1997)). Each of the
domains was modeled as a sphere. The radius r of
this sphere was determined from the partial
speci®c volume �n and the amount of hydration as
calculated from the amino acid composition (Kuntz
& Kauzmann, 1974; Perkins, 1986). The following
values were obtained: receiver domain
�n � 0.739 ml gÿ1, 0.36 g water/g protein,
r � 1.9 nm; Q-linker �n � 0.704 ml gÿ1, 0.35 g
water/g protein, r � 0.9 nm; activator domain �n �
0.744 ml gÿ1, 0.36 g water/g protein, r � 2.3 nm;
and DNA binding domain �n � 0.736 ml gÿ1, 0.37 g
water/g protein, r � 1.7 nm (see also Tables 1 and
2 for additional values).

The validity of this approach was checked with
bovine serum albumin (BSA) as a reference protein.
From the BSA sequence �n � 0.733 ml gÿ1 and a
hydration of 0.42 g water/g protein were
calculated. Since it is known that BSA consists of
three domains of approximately the same size we
derived a value of r � 2.1 nm for the three spheres
representing the three BSA domains in agreement
with results from the literature (Peters, 1985). The
sedimentation coef®cients and diffusion constants
of BSA computed with HYDRO (s � 4.5 S, D �
6.1 � 10ÿ7 cm2 sÿ1) agreed very well with the
literature values of s � 4.5 S and D � 5.9 �
10ÿ7 cm2 sÿ1 (Peters, 1985). Our measurements
reproduced the expected s value with s �
4.4(�0.1) S. The measured D value (7.4(�1.1) �
10ÿ7 cm2 sÿ1) was about 20% too high leading to a
somewhat too low molecular weight of 55(�8)
instead of 67 kDa. This deviation can be explained
by the presence of a small amount (<10%) of BSA
dimer due to an incomplete reduction of mixed S-S
bridges (Peters, 1985) which could lead to a
slightly too high D value as determined by the
g(s*) method (see below).

To derive a model of the NtrC dimer we started
with the simplest conformation and assumed that
the four NtrC domains form a linear array of
beads with the above dimensions in the order
given by the amino acid sequence, i.e. receiver,
Q-linker, activator and DNA binding domain.
Since it has been shown that dimerization of NtrC

Figure 8. Hydrodynamic models of different NtrC-DNA
complexes as derived from sedimentation data. a, ES-1
DNA with one NtrC dimer bound. b, ES-2 DNA with
two NtrC dimers bound. c, Complex of four phosphory-
lated NtrC dimers and one ES-2 DNA. d, Complex of
four phosphorylated NtrC dimers and two ES-2 DNAs.
The red and yellow spots in c and d indicate phos-
phorylation of the receiver domain.
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is mediated by the C-terminal DNA binding
domain (Klose et al., 1994), we derived the NtrC
dimer structure by rotating two monomers which
contacted each other at the DNA binding domain
until the calculated s and D values matched the
measured ones (Table 3). This gave an angle of
about 50� between two NtrC monomers and the
resulting V shaped model for the NtrC dimer is
depicted in Figure 8a and b (red spheres).

Based on the model for the FIS-DNA complex
(Pan et al., 1996) we constructed the models of
NtrC-DNA complexes shown in Figure 8a and b.
The g(s*) plots of these complexes are displayed in
Figure 6b (NtrC � ES-1, right curve) and in
Figure 7a (NtrC � ES-2). A comparison between
the experimental data and those calculated for the
models is given in Table 3 and shows an excellent
agreement. Since the sedimentation equilibrium
analysis indicated that at low protein concen-
trations a complex of two ES-2 DNAs and four
dimers of phosphorylated NtrC was formed and at
saturating protein concentrations only one ES-2
duplex was present in the complex (Figure 5), we
devised the models shown in Figure 8d and c for
the two species. The calculated sedimentation coef-
®cients s20,w for the models were in good agree-
ment with the measured values as shown in
Table 3: 14.4(�0.4) S versus 15.0 S for the confor-
mation with two DNA strands bound (Figure 8d)
and 12.1(�0.4) S versus 14.4 S for the octameric
complex with one ES-2 duplex (Figure 8c). The
obvious discrepancy in the value of D calculated
from the band broadening in the sedimentation
velocity analysis can be explained by sample
inhomogeneity. Any unresolved mixture of two
or more species will lead to an arti®cially high
apparent value of D and will yield a molecular
weight as calculated according to equation (8)
that is too low.

Discussion

Activator binding at the enhancer DNA
sequence has important consequences: the DNA
linkage between activator protein at the enhancer
and the transcription machinery at the promoter
can potentiate interactions that would not occur if
the proteins were free in solution by raising the
local concentration of activator in the vicinity of
the promoter (Merlitz et al., 1998; Rippe et al.,
1995). Furthermore, enhancers can facilitate the
assembly of a speci®c multimeric activator complex,
thus giving this complex a signi®cant equilibrium
advantage over the concentration at which it is pre-
sent free in solution. This idea is consistent with the
observation that enhancers often contain multiple
protein binding sites that act synergistically. Thus,
it is important for the understanding of the tran-
scription process to examine the activating species
that forms at the enhancer. To this end we have stu-
died the DNA binding and multimerization of NtrC
by analytical ultracentrifugation (AUC).

Association states of unphosphorylated NtrC

In previous studies it was concluded from gel
®ltration and gel electrophoresis data that unpho-
sphorylated NtrC forms a dimer and binds as a
dimer to a single site (Klose et al., 1994; Porter et al.,
1993; Reitzer & Magasanik, 1983). These results
were con®rmed in our studies by AUC which pro-
vides a more accurate and reliable determination
of the molecular weight at de®ned conditions and
at equilibrium. For protein concentrations in the
range studied (2 to 8 mM NtrC monomer) within
the accuracy of our determination the only existing
species was a dimer, i.e. the dimer dissociation
constant Kd was signi®cantly smaller than 1 mM. In
a study of NtrC from Klebsiella pneumoniae (Farez-
Vidal et al., 1996) the author determined a Kd of
7 mM for the monomer-dimer equilibrium by AUC
at comparable salt concentrations. Our results
demonstrate a signi®cantly stronger interaction
between NtrC monomers with the E. coli protein
studied here.

In the range of protein concentrations used for
DNA binding (50 to 1000 nM NtrC dimer) the
unphosphorylated protein was bound as a dimer
to a single binding site. In addition, our data indi-
cate that at non-saturating protein concentrations
also complexes formed at the DNA with two bind-
ing sites where only one of the two binding sites
was occupied. From an estimate of the relative
amount of this species in both the sedimentation
equilibrium and the sedimentation velocity runs
we deduced that binding of unphosphorylated
NtrC to the ES-2 duplex occured essentially with-
out cooperativity. The same result was obtained in
¯uorescence anisotropy measurements of NtrC
binding to the same DNA fragment (Sevenich et al.,
1998). Furthermore in a study of NtrC oligomeriza-
tion by scanning force microscopy the authors
determined at a DNA concentration of 3.3 nM and
an excess of protein that 72% of the complexes had
two dimers bound and 22% had one dimer bound
(Wyman et al., 1997), which would be inconsistent
with a positive cooperativity of binding. However,
in the literature it has also been reported that bind-
ing of two unphosphorylated NtrC dimers to the
enhancer occurs with a cooperativity constant of 20
to 100, as determined by gel-shift experiments,
nitrocellulose ®lter binding assays and quantitative
DNA footprinting (Chen & Reitzer, 1995; Porter
et al., 1993; Weiss et al., 1992). For the discussion of
these data one important parameter is the effect of
ATP on NtrC binding. In the presence of 2 mM
ATP a cooperativity constant of 20(�6) (Porter
et al., 1993), 37 (Weiss et al., 1992) and 100 (Chen &
Reitzer, 1995) was measured. In the absence of
ATP the cooperativity constant decreased from 100
to 20 (Chen & Reitzer, 1995). The values obtained
by Weiss et al. (1992) and Chen & Reitzer (1995)
were determined for a somewhat different
sequence of NtrC binding sites as compared to the
ES-2 duplex studied here which is identical to that
analyzed by Porter et al. (1993). The latter study
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has also the advantage that the cooperativity con-
stant has been determined in a way that was inde-
pendent of the protein concentration, which
excludes a possible source of errors. Since a coop-
erativity constant of 20(�6) has been determined in
the presence of ATP (Porter et al., 1993) it appears
reasonable to assume that the corresponding value
in the absence of ATP would be signi®cantly lower
and in the range of the value determined here. In
addition, the results from the ¯uorescence anisotro-
py measurements (Sevenich et al., 1998) and the
analysis by scanning force microscopy (Wyman
et al., 1997) mentioned above were also conducted
in the absence of ATP and thus support this
conclusion.

For the unphosphorylated NtrC-DNA complexes
the agreement between the measured s and D
values and those calculated with HYDRO were
excellent (Table 3). In addition, the value of M
determined from the sedimentation runs was
equivalent to that determined in the equilibrium
analysis but with a somewhat larger standard
deviation (Tables 1 and 3). Thus, the models
derived for the NtrC dimer and the protein-DNA
complexes shown in Figure 8a and b ®t the exper-
imental results exactly. Obviously, other arrange-

ments of the different NtrC domains are possible
that would also lead to a good ®t with the AUC
data obtained for the unphosphorylated protein.
However, the V shaped model for the NtrC dimer
conformation presented here has the additional
advantage that it can be easily extended to a
model for the octameric association states adopted
by the phosphorylated protein as shown in
Figure 8c and d.

Association states of phosphorylated NtrC

In vivo phosphorylation is brought about by the
histidine kinase NtrB (see Fiedler & Weiss, 1995,
and references therein). This phosphorylation can
be reproduced in vitro by the addition of a phos-
phorylating chemical like carbamyl phosphate
(Feng et al., 1992). In studies of the degree of phos-
phorylation of NtrC by NtrB and ATP it was
found that the maximal degree of phosphorylation
of NtrC is only 35% at 37�C due to the autopho-
sphatase activity of NtrC (Weiss & Magasanik,
1988). Although this autophosphatase activity is
reduced at 4�C, the temperature at which the ana-
lytical ultracentrifugation experiments were con-
ducted, it appears unlikely that with carbamyl

Figure 9. Different association states of NtrC formed at the enhancer. The NtrC complexes that have been observed
by AUC with the ES-2 DNA duplex are shown. The ES-2 DNA duplex sequence is given in Figure 1 and has two
binding sites for NtrC indicated by the gray shading. NtrC dimers are drawn in red and in yellow. Phosphorylation
of the NtrC receiver domain is shown by yellow or red spots in the receiver domain. The phosphoryl group (R-PO3

2-)
is either added by a speci®c kinase NtrB from ATP or by phosphorylation via a small molecule phosphodonor like
carbamyl phosphate which has been used here.
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phosphate as a phosphate donor a higher degree
of phosphorylation is achieved because NtrB is a
more effective phosphate donor (Lukat et al., 1992).
Thus, we estimate that only a quarter to a third of
the NtrC monomers are phosphorylated in equili-
birium by carbamyl phosphate in our samples.
Accordingly, the formation of the octameric NtrC
complex has to be compatible with an incomplete
phosphorylation of the protein. We would like to
note that in the model of the octameric complex
(Figure 8c and d) it would be enough if one or two
NtrC monomers (i.e. a degree of 13 to 25% phos-
phorylation) are phosphorylated to stabilize the
complex by interaction between two different NtrC
dimers.

The results of the AUC experiments with NtrC
and the two DNA duplexes described here lead to
the scheme shown in Figure 9. In addition to the
two DNA bound NtrC dimers that are depicted in
red, two additional NtrC dimers (yellow) are
bound via protein-protein interactions if the protein
is phosphorylated. The observed decrease of the
molecular weight of the complex upon increasing
the protein concentration suggests that two DNA
strands can bind simultaneously to this complex if
an excess of DNA is present (Figure 8d). At
increasing protein concentration the equilibrium is
shifted to the species with only one DNA duplex
bound (Figure 8c). The molecular weight deter-
mined in the equilibrium runs was 500(�25) and
451(�16) kDa for the two species. This compares
favorably to the calculated molecular weight of 507
and 470 kDa (Table 1).

The results obtained in the sedimentation
equilibrium runs were fully consistent with the
sedimentation velocity analysis. The calculated
sedimentation coef®cients s20,w for the models
agreed well with the experimental data (Table 3).
The measured values of 14.4(�0.4) S for the sample
with DNA excess and 12.1(�0.4) S for the sample
with protein excess displayed the expected shift of
the sedimentation coef®cient if one or two DNA
strands were bound. The ®t between the exper-
imental data and the model was not as good as
with the unphosphorylated complexes. However,
it appears likely that some conformation changes
of the NtrC dimer occur in the phosphorylated
octameric complex as compared to the free unpho-
sphorylated dimer. Taken into account that no
such modi®cation of the NtrC dimer conformation
has been introduced to the model the observed
agreement is quite good and strongly supports the
model.

The obvious discrepancy in the value of D calcu-
lated from the band broadening in the sedimen-
tation velocity analysis for the phosphorylated
NtrC-DNA complexes (Table 3) can be explained
by the co-existence of the two slightly different
octameric complexes. If two species are present
that are not well separated, this will lead to a
broadening of the peak in the g(s*) plot and an arti-
®cially high apparent value of D. This in turn will
result in a calculated value for M that is too low.

A careful inspection of the Gaussian ®t curve
reveals that indeed the ®t to two species in Figure 7b
was not as good as for the other complexes
(Figures 6 and 7a). This is to be expected if the peaks
represent two species that are not resolved. Thus, it
would be most consistent with the data to assume
that both the peak at s4,buf � 7.5(�0.2) S (Figure 7b,
green curve) and the one at s4,buf � 6.3(�0.2) S
(Figure 7b, red curve) represent a mixture of the
octameric NtrC complexes with one or two DNAs
bound as displayed in Figure 8c and d.

At very high protein concentrations (Figure 7b,
red curve) an additional species with s4,buf � 10 S
(s20,w � 19 S) appeared. This species could be
a dimer of two octameric complexes
(M � 1000 kDa). It would hardly be detectable in
the equilibrium runs, since it would sediment to
the bottom of the cell under the conditions used.
Indeed we observed some loss of material (15 to
20%) at the highest protein concentrations as
deduced from a comparison of the integrated
absorbance of the ®rst scan taken at 3000 rpm and
the scans taken after centrifugation for 18 to 22
hours when an equilibrium had been established.
It appears questionable whether the 19 S NtrC
complex is of biological relevance, because the
required protein concentrations are well above
those found in the bacterial cell which are esti-
mated to be 10 to up to 100 nM under nitrogen
limiting conditions (Reitzer & Magasanik, 1983). It
is possible that in vivo the 19 S species could
already form at these relatively low protein con-
centrations. However, a speci®c biological function
of this association state seems unlikely since all
known biological activities of NtrC like transcrip-
tional activation, ATPase activity and DNA bind-
ing can be reproduced in vitro at nanomolar
concentrations.

In a previous study it has been shown that tran-
scription activation at high NtrC-P concentration
also occurs from a template with only a single
NtrC binding site (Weiss et al., 1992). To address
this point we have analyzed the complexes formed
with NtrC-P and the ES-1 duplex, which has only
a single NtrC binding site. As mentioned above
our results indicate that a mixture of several
species was formed with ES-1 and phosphorylated
NtrC which appeared to include signi®cant
amounts of an octameric NtrC complex but also
other species like for example a complex of two
NtrC dimers. Thus, the data suggest that the octa-
meric complex can also form with the ES-1 DNA
albeit less ef®ciently as compared to the ES-2
duplex. This would be in complete agreement with
the transcription experiments of Weiss et al. (1992).

Implications of the model for the
phosphorylated NtrC complex

It is known that a single phosphorylated NtrC
dimer is not able to activate transcription and that
phosphorylation induces the ATPase activity of
NtrC (Austin & Dixon, 1992; Mettke et al., 1995;
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Porter et al., 1993; Weiss et al., 1991, 1992; Wyman
et al., 1997). From the results presented here we
conclude that activation occurs via the following
mechanism: Upon phosphorylation NtrC assem-
bles to a speci®c octameric complex at the enhan-
cer DNA sequence that consists of four NtrC
dimers and has an ATPase activity. This complex
does not form with unphosphorylated NtrC. The
octameric NtrC-P complex has a unique ability to
interact with the promoter bound RNAP �s54

holoenzyme to catalyze the melting of the promo-
ter DNA. This in turn leads to the initiation of tran-
scription. It is tempting to speculate that the
octameric NtrC-P complex can make multiple con-
tacts with RNAP �s54 that are not possible if two
dimers of unphosphorylated protein are present.
This could lead to an increased af®nity for
RNAP �s54 and a coupling of ATP hydrolysis with
open complex formation. Experiments are in pro-
gress to determine the af®nity of the different NtrC
association states to the polymerase complex, in
order to provide further details on the activation
mechanism by which NtrC operates.

As discussed above we have derived a hydro-
dynamic model for the octameric complex of NtrC-
P that makes several predictions which we hope
will be tested in future experiments. In particular
we would like to note the following. According to
our model, the octameric complex of phosphory-
lated NtrC is able to bind two DNA strands. Thus,
it may be possible for the DNA to wrap around
the NtrC complex at the enhancer which is consist-
ent with the results from electron microscopy and
scanning force microscopy studies (Brahms et al.,
1995; Rippe et al., 1997; Wyman et al., 1997). This
might be important for stabilizing a speci®c DNA
conformation and/or binding to superhelical DNA
with curved inserts as observed previously
(Brahms et al., 1995). Furthermore, the model pre-
sented in Figure 8 suggests that interactions occur
between the phosphorylated receiver domain and
the central activation domain of different NtrC
dimers. Such an interaction could be the reason for
the observed strong cooperativity of DNA binding
and complex formation upon phosphorylation. It
provides a simple explanation on how a confor-
mation change in the receiver domain induced by
phosphorylation is transmitted to the central
domain in which the transcriptional activation
function resides. Since both domains are connected
via a ¯exible linker it appears unlikely that phos-
phorylation of the receiver domain would change
the conformation of the activation domain in the
same NtrC monomer. In contrast, for the spatial
arrangement in the phosphorylated NtrC complex
suggested here the interaction between a receiver
domain and one or even two activation domains of
different NtrC dimers is easily possible. In a study
of constitutive NtrC forms transcriptional acti-
vation and ATP hydrolysis were analyzed in vitro
for the �N-NtrCS160F mutant which is lacking the
N-terminal receiver domain and has a point
mutation in the central activation domain

(Flashner et al., 1995). The authors concluded that
oligomerization is mediated for �N-NtrCS160F

solely by the central activation domain and not by
an interaction between the phosphorylated receiver
domain and the activation domain as proposed in
our model. However, it is possible that an artifac-
tual protein-protein interaction is created by the
S160F point mutation in the activation domain
and/or by the deletion of the amino-terminal
domain. A comparison of the data presented here
with studies of NtrCS160F (Farez-Vidal et al., 1996;
Sevenich et al., 1998) indicate that the association
properties of the NtrCS160F mutant and the phos-
phorylated wild-type protein are rather different.
Thus, it remains to be studied in further detail if
oligomerization proceeds by the same mechanism.

Concluding Remarks

Analytical ultracentrifugation is by no means a
new technique. It has been used successfully since
the 1950s in studies of biological macromolecules.
However, as has been pointed out in a number of
recent reviews (Hensley, 1996; Schuster & Toedt,
1996; Stafford, 1997), the availability of new instru-
ments like the Beckman XL-A and improved
methods for data analysis make the use of AUC
both much faster and easier. In particular, we
would like to emphasize that the program DCDT
by Walter Stafford (Stafford, 1992, 1994a, 1997)
and the program HYDRO developed by JoseÂ
Garcia de la Torre and co-workers (Garcia de la
Torre, 1989, 1992; Garcia de la Torre & Bloom®eld,
1981; Garcia de la Torre et al., 1994) have been
extremely helpful for the analysis of the data pre-
sented here.

As compared to the standard molecular biologi-
cal techniques the use of AUC offers a variety of
advantages. The molecular weight can be
determined with high accuracy at thermodynamic
equilibrium and different species can be resolved.
The experiments are conducted in biological buffer
solutions so that the sample is in the native and
fully hydrated state and information on the bio-
logically active conformation can be obtained.
These features are crucial for a more detailed and
quantitative analysis of multimeric protein-DNA
complexes which appear to exert central functions
in the transcription regulation process.

Materials and Methods

DNA purification

DNA oligonucleotides puri®ed by reversed phase
HPLC were purchased from MWG Biotech (Ebersberg,
Germany). The extinction coef®cient of the single strands
was determined as described previously (Rentzeperis
et al., 1992; Sevenich et al., 1998) and values of
e260 � 455,000 Mÿ1 cmÿ1 (ES-1) and e260 � 840,000 Mÿ1

cmÿ1 (ES-2) were derived. The DNA duplexes were puri-
®ed on a 12% (w/v) non-denaturing polyacrylamide gel,
by cutting out the duplex band and extracting it from the
gel as described (Maniatis et al., 1982). Traces of acryl-
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amide and other impurities were removed with the Qiaex
II gel extraction kit from Qiagen (Hilden, Germany).

One batch of the puri®ed synthetic ES-2 duplexes
showed a residual amount of 10 to 15% free DNA
duplex being present even in the presence of excess of
NtrC protein at concentrations well above the dis-
sociation constant for NtrC binding. The ES-2 DNA puri-
®ed from the other two syntheses was fully active under
identical conditions (>95% DNA bound). Partial inactiv-
ity of DNA is sometimes found with synthetic DNA
fragments and is likely to be related to chemical modi®-
cations introduced during the synthesis to a small per-
centage of the strands (Carey, 1991). It should not effect
the molecular weight determinations in the equilibrium
runs and sedimentation velocity experiments since the
presence of free DNA duplex was accounted for in the
data analysis as described below.

Plasmid construction and protein purification

The protein expression vector pNTRC-3 was created
to permit over-expression of His-tagged wild-type NtrC
and was constructed as follows. The NtrC gene from
E. coli missing the ®rst 14 amino acids was cut out with
the restriction endonucleases Van91I and BamHI from
plasmid pFI20. Plasmid pFI20 is a derivative of pRH800
(Lange & Hengge-Aronis, 1994) and was a kind gift from
Verena Weiss and Ulrike Fiedler, University of Konstanz.
The resulting fragment was ligated to an oligonucleotide
duplex to add the missing 14 amino acids from the N
terminus and to create a NdeI site. The resulting NdeI-
BamHI fragment with the NtrC gene was then ligated
into the same sites in pET15b to construct plasmid
pNTRC-3. From this vector wild-type E. coli NtrC was
expressed with an additional N-terminal His-tag having
the sequence MGSSHHHHHHSSGLVPRGS, which was
used for af®nity puri®cation on Ni-chelating resins.
Accordingly, the His-tagged protein used in this study
had a slightly higher molecular weight (54 kDa) than the
wild-type protein which has a molecular weight of
52 kDa, as calculated from the amino acid composition.
The sequence of the NtrC gene in pNTRC-3 was con-
®rmed by DNA sequencing. Expression and puri®cation
of wild-type NtrC protein from pNTRC-3 was done
according to the same procedure that has been used to
purify the His-tagged mutant protein NtrCD54E,S160F

(Rippe et al., 1997). The puri®ed protein stock was in
20 mM Tris-HCl (pH 7.9), 180 mM KCl, 0.1 mM EDTA,
1 mM DTT, and 5% glycerol (v/v) and was frozen in
liquid nitrogen before being stored at ÿ80�C. The extinc-
tion coef®cient of NtrC was calculated from the amino
acid sequence to be e280 � 46,400 Mÿ1 cmÿ1 (monomer)
and e280 � 92,800 Mÿ1 cmÿ1 (dimer) (Gill & von Hippel,
1989). From the absorbance spectrum of the protein
we determined the corresponding values at 260 nm
to be e260 � 27,300 Mÿ1 cmÿ1 (monomer) and e280 �
54,600 Mÿ1 cmÿ1 (dimer).

BSA (electrophoresis grade and fatty acid free) as a
reference protein for the sedimentation velocity analysis
was bought from Sigma. It was dialyzed against 10 mM
Tris-HCl (pH 6.8), 100 mM KCl, 1 mM DTT overnight.
For the AUC experiments the 10 mg/ml BSA stock sol-
ution was diluted 20-fold into KCl buffer (see below).

Transcription reactions

Single round transcription assays (Figure 2) were
performed by a procedure similar to that described by

Klose et al. (1993). RNAP �s54 at a concentration of
50 nM, and NtrC at 15 nM dimer either unphosphory-
lated or phosphorylated by the addition of 25 mM carba-
myl phosphate, were incubated with 5 nM of the DNA
template pJES534 (Klose et al., 1993; Porter et al., 1993) in
a buffer containing 40 mM Hepes-KOH (pH 8.0), 10 mM
magnesium acetate, 100 mM potassium acetate, 100 mg/
ml BSA and 1 mM DTT for ten minutes at 37�C to allow
protein binding. Open complex formation was initiated
by adding ATP to a concentration of 5 mM and the
samples were incubated for another ten minutes. Then a
mixture of GTP (to 1 mM), CTP/[a-32P]CTP (to 25 mM)
and heparin (to 100 mg/ml) was added to permit for a
single transcription cycle. After ten minutes the reaction
was stopped by addition of formamide gel loading sol-
ution and the radioactive transcripts were analyzed on a
6% denaturing polyacrylamide gel.

Analytical sedimentation
equilibrium ultracentrifugation

Analytical sedimentation equilibrium ultracentrifuga-
tion was carried out on a Beckman Optima XL-A analyti-
cal ultracentrifuge equipped with absorbance optics and
an An60Ti rotor. NtrC protein and DNA duplexes ES-1
or ES-2 were mixed in a buffer containing 20 mM Tris-
HCl (pH 7.9), 180 mM KCl, 0.1 mM DTT, 0.1 mM
EDTA, and 5% glycerol (KCl buffer). Some measure-
ments were made also in 10 mM Tris-acetate (pH 8.0),
150 mM pottassium acetate, 0.1 mM DTT, 0.1 mM
EDTA, 5% glycerol (potassium acetate buffer), but no
difference between the buffers was observed. As indi-
cated, the buffer was supplemented with 25 mM carba-
myl phosphate and/or 10 mM MgCl2. The DNA duplex
concentration was usually kept around 400 nM (ES-1) or
200 nM (ES-2) which is equivalent to an absorbance of
0.2 at 260 nm and 12 mm path length. Centrifugation
was carried out at 4�C and at 10000 rpm and for some
runs also at 5000 rpm until equilibrium was reached (24
to 48 hours). The analysis of the data obtained at 10,000
or 5000 rpm showed no dependence of the molecular
weight on the rotor speed within the error of the
measurements. For the determination of the molecular
weight the data were analyzed with the software pro-
vided by Beckman which is based on the program Ori-
gin v.3.78 (MicroCal Software, Inc. MA) and performs
either a single exponential (model ideal1, equation (1)) or
a two exponential ®t (model ideal2, equation (2)) to the
data:

Ar � A0 � exp
M� �1ÿ �v� r� � o2 � �r2 ÿ r2

0�
2� RT

� �
� E �1�

Ar � A0;1 � exp
M1 � �1ÿ �v1 � r� � o2 � �r2 ÿ r2

0�
2� RT

� �

� A0;2 � exp
M2 � �1ÿ �v2 � r� � o2 � �r2 ÿ r2

0�
2� RT

� �
� E

�2�
In equations (1) and (2) Ar and A0 are the absorbance at
a radial position r and at a reference position r0. Thus,
the absolute concentrations or extinction coef®cients do
not enter these equations and need not be known for the
determination of the molecular weight M. It is only
required that the absorbance of a given component is
proportional to the concentration which is true as long
as the Beer-Lambert relation is true (Ar < 1.2 to 1.5). The
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indices 1 and 2 in equation (2) correspond to species 1
and 2, respectively. The angular velocity o is known
from the rotor speed, R is the universal gas constant,
and T is the absolute temperature. The parameter E is
the baseline offset and was determined from the absor-
bance of the region close to the meniscus after sediment-
ing the protein sample at 48,000 rpm for six hours. The
parameter M is the molecular weight of the macromol-
ecule studied which was derived from the ®t, and �n is
the partial speci®c volume. For the His-tagged NtrC stu-
died here it was calculated from the amino acid compo-
sition and corrected for the temperature of the
experiment to be 0.733 ml gÿ1 at 4�C or 0.740 ml gÿ1 at
20�C (Laue et al., 1992; Perkins, 1986). For the DNA
duplexes a value of 0.531 ml gÿ1 at 4�C (�0.538 ml gÿ1

at 20�C) was taken. This value was chosen instead of the
average value of 0.55 ml gÿ1 for nucleic acids
(Durschlag, 1986) to give exactly the calculated molecu-
lar weight of the DNA duplexes in the equilibrium runs
used under our speci®c experimental conditions. For
short duplexes it has been shown that the partial speci®c
volume displays some dependence on the sequence
(Bonifacio et al., 1997). The values for �n at 20�C of the
different species are given in Table 1. The temperature
correction to 4�C and 20�C of the calculated partial
speci®c volume �n at T � 298 K were made with equation
(3) (Durschlag, 1986):

�vT � �v25 � �4:25� 10ÿ4 � �T ÿ 298:15�� �3�
The density r of the buffer was measured to be
1.024 g mlÿ1 (KCl buffer) and 1.021 g mlÿ1 (K-acetate
buffer) at 4�C with a DMA 5000 density meter (Anton
Paar, Graz, Austria).

Analytical sedimentation velocity ultracentrifugation

Analytical sedimentation velocity studies were done
in KCl buffer (see equilibrium runs). The DNA concen-
tration was kept at 640 nM ES-1 and 320 nM ES-2
duplex (A260 � 0.3). Centrifugation was carried out at
4�C and at 42,000 rpm in epon double-sector cells. Data
were collected at 260 nm except for the pure protein
sample which was measured at 280 nm using a spacing
of 0.01 cm with four averages in a continuous scan
mode. The velocity data were analyzed with the pro-
gram DCDT (Stafford, 1992, 1994a, 1997). The scans to
be analyzed were selected from the end of the run and
the time window �t to be analyzed was estimated as
suggested in the DCDT manual according to equation
(4):

�t <
1:6� 105 � t�����

M
p � speed

�4�

In equation (4) the molecular weight M is given in kDa
and the rotor speed is given in rpm. The program DCDT
generates a distribution of apparent sedimentation coef®-
cients g(s*) by taking the differences in absorbance pro-
®les of scans according to equation (5):

g�s�� � @c

@t

� �
corr

� 1

c0

� �
� o2 � t2

ln�r=rm�
� �

� r

rm

� �2

�5�

The method is described and discussed in detail in the
literature (Stafford, 1992, 1994a, 1997). The resulting g(s*)
versus s* curve is essentially of Gaussian shape and can
be ®tted to equation (6) to determine the apparent sedi-
mentation coef®cient s from the maximum of the curve

and the standard deviation s as described by Stafford
(1997):

g�s�� � A� exp ÿ �s
� ÿ s�2

2� s2

� �
�6�

The standard deviation s of the ®t curve is then used to
determine the diffusion coef®cient D from equation (7):

D � �s� rm � o2 � t�2
2� t

�7�

From s and D the molecular weight is calculated:

M � s

D
� RT

�1ÿ �v� r� �8�

The experimentally determined sedimentation coef®-
cients sexp and diffusion coef®cients Dexp measured at
4�C in buffer were corrected to the standard conditions
(20�C, H2O) by using the equations below (Cantor &
Schimmel, 1980):

s20;w

sexp
� 1ÿ �v20;w � r20;w

1ÿ �vTexp;buf � rTexp;buf

 !
� ZTexp;w

Z20;w

� �
� ZTref ;buf

ZTref ;w

� �
�9�

D20;w

Dexp
� 293 K

Texp

� �
� ZTexp;w

Z20;w

� �
� ZTref ;buf

ZTref ;w

� �
�10�

In these equations Z is the viscosity. The index Texp

refers to the experimental temperature, Tref to a common
reference temperature and buf to the buffer solu-
tion used. The density of water at 20�C is
r20,w � 0.9982 g mlÿ1. The viscosity at this temperature
Z20,w is 1.002 mPa second and at 4�C Z4,w � 1.567 mPa
second (Lide, 1996). For the KCl buffer at 20�C the vis-
cosity was measured to be Z20,KCl � 1.182 mPa second
using a Schott KPG Ubbelohde capillary viscometer with
automatic sampler (Schott, Hofheim, Germany).

Modeling

Different models for NtrC and its complexes with
DNA were constructed as described in Results. For these
models the sedimentation coef®cient and the diffusion
constant were calculated with the program HYDRO
(Garcia de la Torre et al., 1994). With this program the
hydrodynamic properties of arbitrary shaped molecules
can be determined from models composed of spherical
beads of varying size (Garcia de la Torre, 1989, 1992;
Garcia de la Torre & Bloom®eld, 1981). For the work pre-
sented here we used the Fortran subroutine HYDROX,
version 6 compiled on a Apple Macintosh computer. The
drawings of the hydrodynamic models presented in
Figure 8 were generated with the Apple Macintosh ver-
sion of the ray-tracing program POV-Ray PPC 3.01.
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