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NtrC, a Bacterial Enhancer-Binding Protein
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Nitrogen regulatory protein C (NtrC) contacts a bacterial RNA polymerase from distant
enhancers by means of DNA loops and activates transcription by allowing polymerase
to gain access to the template DNA strand. It was shown that NtrC from Salmonella
typhimurium must build large oligomers to activate transcription. In contrast to eukaryotic
enhancer-binding proteins, most of which must bind directly to DNA, some NtrC dimers
were bound solely by protein-protein interactions. NtrC oligomers were visualized with
scanning force microscopy. Evidence of their functional importance was provided by
showing that some inactive non-DNA-binding and DNA-binding mutant forms of NtrC

can cooperate to activate transcription.

When phosphorylated at aspartate 54
(D54), the bacterial enhancer-binding pro-
tein NtrC activates transcription by the
o°*-holoenzyme form of RNA polymerase
(Fig. 1) (1, 2). To do so, it catalyzes the
isomerization of closed complexes between
this polymerase and a promoter to open
complexes in a reaction that depends on
hydrolysis of the B-y bond of adenosine
triphosphate (ATP) or guanosine triphos-
phate. Unphosphorylated NtrC is a dimer
in solution (1-3), but it is known that
single phosphorylated dimers are not suffi-
cient to activate transcription or hydrolyze
ATP (1, 4-7). Both reactions are greatly
stimulated by enhancers, which are com-
posed of two binding sites for dimers of
NtrC, and it has been assumed that a tet-
ramer was sufficient for transcriptional ac-
tivation (2, 6). However, it was not clear
from previous studies whether the active
entity at an enhancer contained only the
two DNA-bound dimers or also contained
additional dimers that were not bound di-
rectly to DNA. Because certain mutant
forms of NtrC fail to activate transcription
at concentrations that are apparently suffi-
cient to occupy the glnA (glutamine syn-
thase) enhancer but can do so at higher
concentrations (8), we hypothesized that
transcriptional activation might depend on
formation of an oligomer larger than a tet-
ramer, in which the additional dimer or
dimers were held by protein-protein inter-
actions to those directly bound to the en-
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hancer. We report the visualization of large
oligomers with scanning force microscopy
(SFM) (9) and present evidence that they
are required functionally for activation of
transcription (Fig. 1).

To test the utility of SFM for determin-
ing the relative sizes of DNA-bound oli-
gomers of NtrC (10), we collected images of
NtrC-DNA complexes with well-defined
size and stoichiometry (I) and of RNA
polymerase-promoter complexes and as-
sessed the relationship between the vol-
umes of the proteins and their molecular
masses. The standard complexes (11, 12)
were: (i) single dimers of NtrC bound to a
single strong NtrC-binding site, (ii) two
NtrC dimers (tetramers) bound to a
“strong” enhancer derived from the ginA
enhancer (two identical strong binding sites
for NtrC; Fig. 1), and (iii) the o?°-holoen-
zyme form of RNA polymerase bound to the
rightward promoter (Pg) of bacteriophage A
(Fig. 2A). Each DNA-bound protein com-

Fig. 1. Transcriptional activation by NtrC at the
ginA promoter of S. typhimurium. Conserved pro-
moter sequences recognized by a5*-holoenzyme
(Eo®*) lie at sites —12 and —24 with respect to the
startsite of transcription at +1. Boxes represent
the two 17-bp NtrC-binding sites that constitute
the ginA enhancer; they are centered at — 108 and
—140. (Top) Eo>* by itself can bind to the ginA
promoter in a closed recognition complex, in
which the DNA remains double-stranded. NtrC
binds to the enhancer, but only the phosphoryl-
ated form (P-NtrC) can activate transcription. We
demonstrate that active oligomers of P-NtrC must
contain not only the two dimers bound to the
enhancer but an additional dimer or dimers bound
to these by protein-protein interactions. (Middle)
P-NtrC contacts Ea5* by means of a DNA loop.
(Bottom) In a reaction that requires hydrolysis of
ATP, P-NtrC catalyzes the isomerization of closed
complexes between polymerase and the promot-

plex could be identified unambiguously by
the length of the fragment to which it was
bound and its position along this fragment
(Fig. 2B). The volumes of these protein
complexes (13) were a linear function of
their molecular masses (Fig. 2E) (14). Be-
cause we anticipated that larger complexes
of phosphorylated NtrC (P-NtrC) bound to
the strong enhancer would carry three or
four NtrC dimers, we expected their molec-
ular masses (315 or 420 kD, respectively)
would fall within the linear range (105 to
~459 kD) (15, 16).

An average of the data from three ex-
periments indicated that most (72%) of the
DNA molecules carrying unphosphorylated
(inactive) NtrC at the enhancer carried
tetramers, whereas the remainder (22%)
carried mainly single dimers (Fig. 2D and
Table 1). Tetramers sometimes had a bi-
lobed appearance (Fig. 2, B and C), presum-
ably when they were optimally oriented
relative to the scanning tip. Most impor-
tant, few (6%) of the DNA molecules car-
rying unphosphorylated NtrC at the en-
hancer carried oligomers containing more
than two dimers (Table 1).

Commensurate with the ability of P-
NtrC to activate transcription, the distribu-
tion of complexes bound to the enhancer
spread noticeably toward larger sizes when
NtrC was phosphorylated (Fig. 2H), and
larger complexes were visible in individual
images (Fig. 2, F and G). However, because
of the variation in the measured volumes of
each of the standard protein species bound
to DNA (Fig. 2E) and the lability of large
oligomers of P-NtrC at the enhancer (10),
the peaks representing various multimer
states were not clearly separated in histo-
grams. Hence, we determined the percent-

age of complexes that carried more than
two dimers of NtrC (Table 1) (17). This
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was 26% (80/309) for protein phosphoryl-
ated with a low molecular mass phosphate
donor, carbamoyl phosphate, and 43% (32/
74) for protein phosphorylated with the
physiological donor nitrogen regulatory
protein B (NtrB). The large oligomers of
P-NtrC at the enhancer appeared to be
built up off the DNA rather than being
spread out along it, and in agreement with
this, some of the oligomers tethered togeth-
er two enhancer-bearing DNA fragments
(18). Such tethering was observed only
when NtrC was phosphorylated.

Fig. 2. SFM of NtrC and P-NtrC complexes at the
strong enhancer. (A) DNA fragments are shown.
NtrC was bound to either a single strong binding
site {indicated by a box (7 7)] on a 388-bp fragment
(template 1) or the strong enhancer (two strong
NtrC-binding sites separated by 32 bp; see leg-
end to Fig. 1) on a 610-bp fragment (template 2).
RNA polymerase (a7°-holoenzyme) was bound to
the lambda P, promoter on a 1.8-kb fragment
(template 3). (B, C, F, and G) SFM images show
nucleoprotein complexes. Images have been pro-
cessed only by flattening to remove background
slope. The z dimension (height), which is different
for different panels, is indicated by the color code
on the bar at the right; the mica surface is at
half-maximal height. Images are displayed as line
plots at a 60° tilt angle to emphasize topography.
(B) Standard complexes are shown. At the top,
middle, and bottom, respectively, are a single
NtrC dimer bound to template 1, two NtrC
dimers (a tetramer) bound to template 2, and
RNA polymerase bound to template 3 (partially
shown). (C) Two NtrC dimers are bound to the
strong enhancer (right) and a single dimer is
bound to a single strong site (upper left). (F and
G) Large oligomers of P-NtrC (carbamoyl phos-
phate as donor) are bound to the strong enhanc-
er. Each panel includes a single (unphosphoryl-
ated) dimer bound to a single site (lower right)
that can be used for size comparison. (D and H)
Histograms indicating the fraction of the total
number of NtrC-DNA complexes as a function of
volume. Black bars represent complexes of NtrC
(D) or P-NtrC (H) bound to the strong enhancer.
Gray bars represent standard complexes of un-
phosphorylated NtrC on a single strong site and
are a marker for the volume and distribution of
single dimers in each experiment. The total num-
ber of complexes on each template is given at
the top right of the panel. The bin for an average
dimer of unphosphorylated NtrC at a single site
(105 kD) and the expected bins for 210-, 315-,

and 420-kD proteins (legend to Table 1) are

indicated by asterisks above the panels. Note

the bimodal distribution of complexes at the

enhancer in (D) (7) and the shift toward larger

oligomers at the enhancer (H). (E) Volumes of

the three standard proteins (77, 72) as a func-

tion of their molecular masses. Volumes (arbi-

trary units) (73) were determined by averaging

171 NtrC dimers (105 kD) (75) bound to tem-

plate 1, 81 RNA polymerase molecules (459

kD) (76) bound to template 3, and 123 NtrC

Fraction of total complexes

To investigate whether large oligomers
of NtrC were functionally required for tran-
scriptional activation, we performed in
vitro complementation studies to see
whether DNA-binding and nonbinding
mutant forms of NtrC could cooperate in
forming active oligomers. The members of
each pair were chosen because they activat-
ed transcription poorly or undetectably by
themselves. The first pair was NtrC with an
Asp®* — Glu’* mutation (NtrCP>#) and
P-NtrC?*A2, NerCP>#E, which has some neg-
ative charge where the phosphoryl group is
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normally located, activates transcription
poorly and only at concentrations much
higher than those required to occupy an
enhancer (8). NtrCP>#E cannot be phospho-
rylated and formed few large oligomers at
the strong enhancer (Table 1). P-NtrC3Als,
which essentially fails to bind to DNA, also
activates transcription poorly (19) and
failed to bind to the strong enhancer (Table
1). At very high concentrations,
P-NtrC3A2 can form oligomers in solution
and can apparently contact °#-holoenzyme

without being tethered to DNA (19, 20).
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tetramers (210 kD) bound to template 2. Before averaging the volumes of tetramers at the enhancer, we subtracted the volumes of dimers (74). The error
bars are the standard deviations for each average volume.
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At a concentration of 10 nM, NtrCP?4E
had little ability to activate transcription
from a template (0.5 nM) carrying the
strong enhancer (empty square on the y axis
in Fig. 3A) and the same was true of
P-NtrC?A at concentrations up to 600 nM
(diamonds) (18). If the concentration of
NerCP>#E was maintained at 10 nM and
P-NtrC?A" was added to it, transcriptional
activation was greatly stimulated over that
given by either protein alone (solid
squares), commensurate with the ability of
the two proteins to cooperate in forming
large oligomers (Table 1). If the two pro-
teins were allowed to undergo subunit ex-
change before transcriptional activation
was assayed, synergistic effects were lost and
residual activation was similar to that given
by P-NtrC*A"2 alone (empty squares). This
concurs with the previous finding that het-
erodimers between DNA-binding and non-
binding forms of NerC have essentially lost
the ability to bind to DNA and hence
cannot be tethered to the enhancer (3), and
with the fact that P-NtrC3A!? was at con-
centrations in excess of NtrCP>4E. Comple-
mentation by P-NerC3A"2 protein persisted
at 20 to 50 nM NurCP>#E| concentrations at
which the enhancer was fully occupied, on
the basis of deoxyribonuclease I protection
studies (8, 18). As expected, background
activation by NtrCP>*E alone was higher at
these higher concentrations.

To overcome two potential caveats in
taking the previous experiment as evidence
that large oligomers are required for tran-
scriptional activation (21), we showed that
active oligomers could be formed by two
inactive partners. In this case we used NerC
protein with mutations of Asp>* — Asn>*

Table 1. Characterization of NtrC complexes at
the strong enhancer [610-bp DNA fragment (tem-
plate 2 of Fig. 2A)] by SFM.

Estimated % of
complexes (26) as

Protein Total
One Two >Two
dimer dimers dimers

NtrC* 22 72 6 455

P—thgg“ 8 63 29 383

NtrC™ % 23 73 5 164

NtrCDP54E 24 62 14§ 82
+ P-NtrCsA2

*Data were taken from the histogram (black bars) of Fig.
2D and two additional experiments. TNtrC was phos-
phorylated with the low molecular mass donor carba-
moyl phosphate or the physiological donor NtrB, which
depends on ATP (72, 17). ATP was present in both
cases. INtrB was present for one experiment (91
complexes; 19% dimers, 78% tetramers, and 3% larger
oligomers) and not for the other (73 complexes; 27%
dimers, 66% tetramers, and 7% larger oligomers).
§The increase over large oligomers for unphosphoryl-
ated NtrC and NtrCPS4E was significant at the 95% confi-
dence level using a properly corrected chi-squared test.
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or Asp>* — Ala®* (NtrCP5*N or NtrCP44,
respectively), which have no negative
charge at the position of the native phos-
phoryl group, as the DNA-bound form (8).
Like NtrCP>#E| these two proteins cannot
be phosphorylated, but bind normally to the
enhancer. Unlike NtrCP>#E, however, they
have no detectable ability to activate tran-
scription (triangle and diamond on the y
axis in Fig. 3B). We used P-NtrCAZ16V, 3Ala
as the form incapable of DNA binding.
Like the NtrC mutant Ala?!® — Val?'¢
(NerCA218VY protein from which it was
derived (15), P-NeCAZI6V: 3Ala had po
detectable ability to activate transcription
(crosses, Fig. 3B), despite the fact that it
retained essentially normal adenosine
triphosphatase (ATPase) activity in solu-
tion (18). However, P-N¢CAZI6V, 3Al
could cooperate with NuCP*™N  or
NtrCP?#A [triangles and diamonds, respec-
tively, Fig. 3B (note the change in scale)]
to form active oligomers. The maximum
activity of the oligomers formed was 10 to
15% that of oligomers formed by the tran-
scriptionally active proteins NtrCP**E and
phosphorylated NerC3A12,

Large oligomers of P-NtrC, which are
probably octamers (22), appear to be re-
quired for ATPase activity (I, 4, 5, 15).
Correlations between their formation and
the ATPase activity and transcriptional ac-
tivation capacity of the protein are striking
not only for wild-type NtrC but for
NtrCP54E, Wild-type NtrC forms oligomers
larger than tetramers at the strong enhancer

Fig. 3. Complementation between mutant forms
of NtrC at the strong enhancer. Formation of open
complexes was assessed in a single-cycle tran-
scription assay with plasmid pJES534 (0.5 nM) as
template (7, 15, 27). (A) The DNA-bound form of
NtrC was NtrCP54E (74) (10 nM) and the nonbound
form was P-NtrC342 (27), which was used at the
concentrations indicated. Activity was as much as
18-fold higher than the sum of the activities of the
individual proteins, and maximum template utiliza-
tion was 15% (1.9 fmol/12.5 fmol total). Control
reactions contained P-NtrC®A2 alone or a combi-
nation of the two proteins after subunit exchange.
(Inset) Lanes 1 through 6, NtrCP54E (10 nM) plus
P-NtrC342 (0, 25, 50, 75, 100, and 200 nM, re-
spectively); lanes 7 through 11, NtrCP5%E (10 nM)
plus P-NtrC34a (25, 50, 75, 100, and 200 nM,
respectively) after subunit exchange; lanes 12
through 16, P-NtrC342 alone (25, 50, 75, 100, and
200 nM, respectively). (B) The DNA-bound forms
of NtrC were the inactive NtrCP%4N and NtrCP54A
proteins (10 nM). Both were complemented by the
inactive P-NtrCA216V. 3Ala P_NtrCA216V. 34 glone
lacked detectable activity. (Inset) Lanes 1 through
4, NtrCP54N (10 nM) plus P-NtrCA216v. 34a (0, 50,
100 and 200 nM, respectively); lanes 5 through 8,
NtrCPS4A (10 nM) + P-NtrCA216V. 3Aa (g, 50, 100,
and 200 nMéArespectiver); lanes 9 through 12,
P-NtrC™"™ ** alone (0, 50, 100, and 200 nM,
respectively).

only when it is phosphorylated (Fig. 3 and
Table 1); it has ATPase activity and acti-
vates transcription only under the same cir-
cumstances (4). Moreover, the ATPase ac-
tivity of P-NtrC in solution is known to be
markedly stimulated by the enhancer, but
much less so by a single binding site for a
dimer, presumably because the enhancer
facilitates the formation of large oligomers
(1, 5, 15). The NtrCP**E protein, which
cannot be phosphorylated, forms few oligo-
mers larger than tetramers at the strong
enhancer (Table 1); the protein has very
low ATPase activity in solution and poor
ability to activate transcription (8). The
ATPase activity of NtrCP*#E (200 nM) is
stimulated less than twofold by the en-
hancer (20), commensurate with the fact
that the enhancer has little effect on the
formation of large oligomers at this pro-
tein concentration.

Unlike the case for NtrC and other ac-
tivators of a°*-holoenzyme (23), no eukary-
otic enhancer-binding protein or upstream
activator thus far characterized facilitates
the isomerization of closed complexes be-
tween an RNA polymerase and a promoter
to open complexes, and none has an
ATPase activity. Rather, the eukaryotic
proteins appear to affect steps earlier or
later in the transcription process (24). Al-
though efficient transcriptional activation
by eukaryotic enhancer- or upstream acti-
vator-binding proteins often requires multi-
ple molecules, these are arrayed on separate
DNA-binding sites. More analogous to the
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case for NtrC, formation of activating het-

ero-oligomers  at

eukaryotic  enhancers

sometimes entails participation of both
DNA-bound and nonbound partners (25).
Remarkably, the estrogen receptor can ac-
tivate transcription either by binding to
specific sites in DNA or by associating sole-

ly

by protein-protein interactions with one

or more unidentified adaptor proteins that

are specifically DNA-bound.
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tein, which activates transcription very well but fails
to bind to DNA, is an octamer, as assessed by gel
filtration chromatography (20), whereas the unphos-
phorylated protein, which activates very poorly (7), is
a dimer; and (i) results of complementation tests
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between active and inactive forms of NtrC and
NtrC3A2 proteins at a single strong binding site are
most easily reconciled with those at the strong en-
hancer if one or two inactive dimers can be assimi-
lated into active octamers but three or four cannot (.
Rombel and S. Kustu, unpublished data).
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gomers to activate transcription and hydrolyze ATP
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258, 575 (1996)], but it is not known whether the
active oligomers of these other proteins are com-
posed only of “entities” (not necessarily dimers) that
are DNA bound or must also contain additional enti-
ties that associate with these by protein-protein in-
teractions. There are arguments for and against a
requirement for oligomer formation by FhIA, a third
o%4-dependent activator [reviewed in S. Hopper and
A. Bock, J. Bacteriol. 177, 2798 (1999)].
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For experiments with NtrC, the volume of a com-
plex carrying two dimers was interpolated from a
line connecting the average volume of standard
complexes carrying single NtrC dimers on template
1 of Fig. 2A and the average volume of standard
complexes carrying o7°-holoenzyme on template
3; it ranged from 1.95 to 2.17 times the average
volume of a single dimer. The standard deviation
(27%) was taken as the average of the standard
deviations for the single NtrC dimer and ¢7°-ho-
loenzyme in four experiments. For experiments
with NtrCP54E in which there were too few RNA
polymerase complexes to use the method above,
the volume of two NtrC dimers was assumed to be
twice the average volume of a single dimer on tem-
plate 1. The standard deviation was that for single
NtrC dimers in each experiment. The volume limit
for NtrC tetramers was operationally defined as the
average volume of a tetramer plus or minus one
standard deviation. Larger oligomers or those car-
rying only a single NtrC dimer were defined as
those that fell above or below this limit, respective-
ly. This method of estimating the proportion of sin-
gle dimers gave essentially the same results as that
described in (74).

The template was plasmid pJES534 (7), which car-
ries the strong enhancer =450 bp upstream of the
ginA promoter. Unless otherwise noted, conditions
were chosen to minimize subunit exchange between
NtrC dimers. The non-DNA-binding form was phos-
phorylated before being added to the other compo-
nents (78). Carbamoy! phosphate was at 10 mM and
the final concentrations of ¢4 [purified from S. typhi-
murium as described (19)] and core RNA polymer-
ase (from Escherichia coli; kindly supplied by D.
Hager and R. Burgess, University of Wisconsin,
Madison) were 50 and 30 nM, respectively. Com-
plete subunit mixing between homodimeric spe-
cies of NtrC for control experiments was achieved
as described (3, 7).
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