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Abstract

Transcription initiation by bacterial 6®4-polymerase requires the action of a transcriptional
activator protein. Activators bind sequence-specifically upstream of the transcription initiation site
via a DNA-binding domain. The structurally characterized DNA-binding domains from activators
all belong to the Factor for Inversion Stimulation (Fis) family of helix-turn-helix DNA-binding
proteins. We report here structures of the free and DNA-bound forms of the DNA-binding domain
of NtrC4 (4DBD) from Aquifex aeolicus, a member of the NtrC family of 04 activators. Two
NtrC4 binding sites were identified upstream (—145 and —85 base pairs) from the start of the IpxC
gene, which is responsible for the first committed step in Lipid A biosynthesis. This is the first
experimental evidence for 6 regulation in IpxC expression. 4DBD was crystallized both without
DNA and in complex with the —145 binding site. The structures, together with biochemical data,
indicate that NtrC4 binds to DNA in a manner that is similar to that of its close homologue, Fis.
The greater sequence specificity for the binding of 4DBD relative to Fis seems to arise from a
larger number of base specific contacts contributing to affinity than for Fis.

INTRODUCTION

The efficient, effective regulation of gene expression is a vital process in an organism’s
ability to survive in a changing environment. In prokaryotes, gene expression is most highly
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regulated at the transcriptional level. All transcription requires the RNA polymerase
(RNAP) holoenzyme, which includes a catalytic core of five subunits and an additional,
variable sigma factor that conveys promoter specificity.! Different sigma factors are used in
the cell to transcribe different sets of genes.2 This allows coordinated regulation, an
important component of the fine-tuning of gene expression. The sigma factors fall into two
families, 070 and 6°*. The o0 family is represented in all bacteria, generally with many
variants differing in size and regulatory mechanism in any given organism.2 The ¢7°
holopolymerase is inherently competent to bind target promoters, and spontaneously open
DNA and initiate transcription without the action of any other proteins. By contrast, the o°
form of polymerase, present in many, but not all bacteria, is also competent to bind
promoters, but it is inherently unable to melt the template DNA promoter and initiate
transcription. For initiation to occur, 0®* requires interaction with a transcriptional
activator.2:34 The transcriptional activators usually consist of three domains: a sensory
domain, a central AAA+ ATPase domain, and a C-terminal helix-turn-helix DNA-binding
domain (DBD).> The DNA-binding domain often binds to two high-affinity cooperative
binding sites located ~100 basepairs upstream of the o4 binding site.6 Upon activation of
the sensory domain, the activator ATPase domain acts on 4, and induces a conformational
change that enables 0°* to melt the DNA and initiate transcription.® 0 regulation allows for
a wide dynamic range of transcription, and rapid temporal response to changing conditions.
It has been found to control a variety of processes, including nitrogen starvation response in
Xylella fastidiosa’ and E. coli,8 metabolism of xylenes and toluenes in Pseudomonas
putida,® and the expression of virulence factors that support flagellar motility and pilus-
mediated attachment in the bacterial pathogen Pseudomonas aeruginosa.10

A great deal of structural and biochemical work has been devoted to understanding the
mechanisms for regulation and ATPase activity of 6 transcriptional activators.>11
However, there is little known about activators’ DNA binding domains, particularly bound
to their target DNA. The only structures of activator DBDs reported and described in detail
to date are from NtrC,12 although mutations used to stabilize the protein eliminated DNA
binding capability, and from ZraR,13 both from Salmonella typhimurium. These have helix-
turn-helix folds, butressed by a third helix, as seen in many other bacterial DNA binding
proteins.14 In both NtrC and Fis there is a fourth helix that is important for dimerizing the
DBDs, and holding the recognition helices with a spacing close to that of two successive
major grooves of DNA. No structures of activator DBDs have been reported in complex
with DNA. Here we present the structure of the DBD of NtrC4 (4DBD) from the extreme
thermophile Aquifex aeolicus, both alone and in complex with a DNA oligomer containing
the sequence from an upstream region of the IpxC gene, whose product, the LpxC
deacetylase, catalzes the first committed step in Lipid A biosynthesis.1®> We reported the
overall fold of the free 4DBD previously, together with the NtrC4 receiver and ATPase
domains,!1 but its structure was not discussed in detail.

The DBDs of NtrC proteins are close homologues and evolutionary ancestors of the versatile
DNA-binding and bending protein, Factor for Inversion Stimulation (Fis).16 During
exponential growth, Fis is one of the most abundant proteins in enteric bacteria, and is
involved in a number of processes ranging from site-specific recombination, integration-
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excision reactions of phages, and negative transcriptional regulation, to cell cycle timing in
chromosome replication.}” While Fis can bind nonspecific sequences with high affinity
(nanomolar dissociation constants), certain sequences can form especially “stable” high-
affinity complexes that are not disrupted by the addition of competitor DNA.18:19 The ability
to bind both these preferred sequences as well as many others at varying affinities is a
common characteristic of histone-like DNA-binding proteins such as Integration Host Factor
(IHF) and HU. However, within this class of histone-like proteins, each protein’s
requirement for consensus sequences and sequence-derived DNA flexibility varies. For
example IHF shows a clear preference for binding consensus sequences, but HU does not.20
Fis appears to be an intermediate example, and its ability to bind non-specifically with high
affinity makes it challenging to identify preferences for binding particular sequences. Using
different prediction methods, there have been conflicting predictions of 6,000 and 68,000
Fis-binding sites in the E.coli genome.18:19

Several structures of Fis alone were solved,?}: 2. 23. 24 and there is a multitude of
biochemical data describing its binding to a variety of nonspecific DNA-binding sequences,
and its potency in bending DNA by as much as 90°.21 25, 26

The similarity in sequence and structure of Fis and NtrC family DBDs opens the question of
how these two closely related protein families perform very different functions with
different requirements for binding specificity. For NtrC, DNA-bending has been observed
with electron microscopy,? but no high resolution structural or biochemical studies have
been performed to characterize the degree of bending. Additionally, there is no evidence that
NtrC proteins bind DNA nonspecifically with significant affinity or perform any of the
additional chromatin-like DNA-restructuring functions of Fis. Therefore, the structural
details that lead to the difference in behavior of these two close homologues will aid our
general understanding of how and why proteins bind and bend DNA.

Understanding of how NtrC- and Fis-like DNA-binding proteins bind and distort DNA, are
of intrinsic interest, but could also have application in affecting 0®*-controlled virulence
factors or disruption of Fis-modulated celllular functions. In spite of the interest in
understanding the details of NtrC-like protein complexes with DNA since the time the initial
structures were solved, there has been only one NMR study exploring backbone structure
and residues involved in the DNA-binding of the o®*-activator NifA,28 but no structure of a
complex. The first high-resolution structures of Fis complexes were solved recently by
Stella et al. 2° The structures of Fis bound to a high-affinity site, and bound to a number of
binding site variants, provided characterization of protein-DNA interactions and the mode of
DNA recognition. A model was presented in which Fis searches the DNA for regions with
narrow minor grooves, binds, and then compresses the minor groove further, creating the
characteristic FIS-induced bend. The minimal reliance on specific base contacts and the
large number of DNA backbone contacts provide some explanation as to the ability of Fis to
bind without significant sequence specificity.

The structures of the free and bound DNA-binding domain of NtrC4 allow a detailed
comparison with Fis to understand the similarities and differences that modulate binding
specificity and DNA distortion. These structures, and comparisons with other structures in
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the family, provide new insights into to how o°* transcriptional activators bind DNA and
ultimately activate transcription.

RESULTS

Crystal structure of the free 4ADBD

The crystal structure of the 4DBD (encompassing residues 365-442 of the full length NtrC4
protein) was determined to resolution of 2.25 A (Table 1). The 4DBD crystallized with two
dimers in the asymmetric unit, with a total of four zinc atoms bridging the protein dimers.
These ions are not required for structure or stability (verified in NMR and unfolding studies,
data not shown), but were convenient for phasing. For the discussion of structures we use
the amino acid numbering in the actual construct studied (full length 365 = residue 1, etc.).
In keeping with helix-turn-helix nomenclature, each monomer consists of four helices, A —
D, with the D helix representing the “recognition helix” that is typically inserted into the
major groove of DNA (see Figure 1A). The A and B helices of 4DBD form an antiparallel
four-helix bundle with the corresponding helices in the adjacent monomer. As already
observed for the DNA-binding domain of NtrC,12 the A helices (Leu19-Lys24) do not
overlap significantly but pack against the long B helix (Lys29 — Tyr47) through hydrophobic
sidechain interactions. Helices C (Leu51 — 11e58) and D (Leu62 — Leu72) form a classic
helix-turn-helix DNA binding motif near the C- terminus of the molecule. The HTH motif is
extended by a tail consisting of residues Leu72 to Ser79. Dimer formation buries an area of
2160 A2, corresponding to 30% of the total surface area of 4DBD. The same values are
observed for the DNA binding domain of NtrC (30%) and Fis (30%).

In the 4DBD structure no density could be observed for residues Metl — Trp16 and only
weak density was visible for Leu77-Ser79, indicating that the N- and C-termini are
disordered. To further analyze this disorder, NMR relaxation was used to assess backbone
dynamics. The backbone resonances were assigned for 4DBD, and T1, T2, and NOE values
were measured for each residue. NOEs from residues 1-15 and 77-79 were either negative
or small (under 0.5), compared to an average value of 0.9 in the core of the protein. T1 and
T2 relaxation experiments showed slow relaxation in residues 3—-14 and 77-79. Moreover
the 1N NOE becomes negative for residues 2-5 and 78-79 (Supplemental Figure 1). These
data confirm that the first 15 residues of 4DBD are very flexible in solution. This region
corresponds to the linker region between the DBD and ATPase domains, a region with low
sequence conservation among transcriptional activators and is variable in length
(Supplemental Figure 2). Flexibility in this region is consistent with a requirement for
flexibility to accommodate the reorganization of the ATPase domains when the protein goes
from inactive dimers to active hexamers.

The overall fold of the 4DBD is similar to Fis and NtrC-DBD*2 (Fig. 1b). Superposing the
three-helix bundle (residues Lys29 — Leu72) with the corresponding residues in Fis and
NtrC using the program Superpose3? gives root mean square deviations of 0.65 A and 2.1 A,
respectively.

Dimerization occurs mainly through hydrophobic interactions between the A and B helices.
Contacts between the end of the B helix and the loop between helix C and D may also
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contribute to dimer stabilization. Close intra-monomer contacts are observed between the
sidechains of Leu22 and Leul9 in helix A and 11e38 of helix B. Close inter-monomer
contacts are made between the sidechains of Leul9, Leu23 and 11e38. The B helices of each
monomer cross at a 40° angle such that the phenyl rings of residue Phe35 of each monomer
stack upon each other in a parallel displaced manner.

Determination of the DNA-binding site for NtrC4

In order to study a complex of 4DBD with cognate DNA, its specific binding sites were
identified. Potential upstream activation sequences (UASs) were selected based on the
presence of 6°* binding sites in the promoter region. Using the software PATSER3!, the A.
aeolicus genome was analyzed using a 0®* consensus sequence mrNrY TGGCACG-N4-
TTGCWNNw (capital letters indicate high conservation, lowercase indicates weak
conservation, and the nucleic acid codes are as follows: m = A/C, r = G/A, n = AIC/GIT,y =
T/C, w = AIT).5 Candidate 6°4-binding sites were identified in the promoters of six A.
aeolicus genes: nirB, fhp, glnB, dhsU, Agq_087, and IpxC. The first five sites had been
identified as 0®*-binding sites previously,32 but |pxC did not appear in the previous analysis.
Since o®-activators often bind ~100 bp upstream of the o4 consensus site,® DNA regions
extending 250 base pairs upstream of these five promoter regions were amplified by PCR
and subjected to gel-shift assays with full-length NtrC4 (4FL) and the NtrC4 DNA-binding
domain alone (4DBD). Gel shifts indicate that NtrC4 binds only to the IpxC promoter with
sufficient affinity to cause a gel shift at a concentration of 50 nM (Supplemental Figure 2).

To determine the specific binding site, DNase | footprinting was performed on the 4DBD-
[pxC upstream region. Two areas of significant protection were visible centered around 145
and 85 bp upstream of the transcription start site (Supplementary Figure 3) at a protein
concentration of 10 nM. To further confirm these binding sites, DNA oligomers containing
the two sites, and a series of mutant sites, were purchased with a 5’-fluorescein tag and
affinity binding assays were performed. Resulting Ky values are summarized in Figure 4.

Structure determination of the 4DBD-variant_1 complex

Since flexible regions can prevent crystallization, a new 4DBD construct (374-442), which
removed the first 9 flexible residues, was used for complex formation. The 4DBD complex
crystallized in P2, symmetry and the structure was solved at 3.0 A resolution in complex
with a 22mer DNA that contained a two-base-pair mismatched overhang (Forward 5’-
ACTTGCAAATTTGCAAATGCAT-3; Reverse 5'-
TGATGCATTTGCAAATTTGCAA-3). Due to the DNA-mismatches in the overhangs, the
first (5")-adenine base of the forward strand and (5”)-thymine base of the reverse strand
flipped out of the helix, and the resulting one-base-pair G/C overhang self-annealed,
forming a continuous double helix through the crystal lattice with 21 base pairs. Although a
variety of sequences of different lengths and varying overhangs crystallized, these samples
gave poorer resolution (>4A). Since the flipped-out bases appear to be disordered in the
structure and are not clearly visible in the density, the numbering convention used in this
paper will describe only the 21 nucleotides observed (Figure 3a).
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4DBD-DNA complex: protein-DNA interactions

As in the free protein, the N-terminal residues preceding Arg16 (residues 10-15 in the short
construct) are disordered. Omitting this region, the free and bound forms of 4DBD are very
similar in structure, with an overall RMSD of 0.57 A. The most notable differences are the
orientations of the sidechains of R67 and Y66. Compared to the free protein, Arg67 extends
outward towards the DNA bases in the complex structure, and Y66 rotates by ~ 90° to
contact the DNA backbone.

The structure of the bound protein, and expansions showing some of the protein-DNA
interactions are presented in Figures 1 and 2. As is expected for helix-turn-helix proteins, 14
the majority of protein-DNA interactions occur in the D helices. Since the protein is a
symmetric dimer, most interactions with one half-site binding sequence are repeated in the
other half-site. For simplicity, interactions in only one end of the helix will be described
below, except in the cases where asymmetry exists in the protein-DNA interactions.

To enable simple comparisons between the different DNA-binding half sites of 4DBD and
Fis, the following base-numbering convention will be used throughout this discussion. Bases
in the native binding site used for crystallography (“variant_1") are labeled from -8 to +12,
centered around the palindromic center of the 14-base pair “core” binding site, and a parallel
numbering convention is presented for Fis (Figure 3). Both bases in a given Watson-Crick
base pair will bear the name of the same position shown in Figure 3 (from -8 to +12) and
the strand (F, forward, or R, reverse) will be specified separately. For example, —=7T(F)
refers to the second base on the forward strand, and is base-paired with —7A(R), the last base
on the reverse strand.

The primary sequence-specific contacts are made by Arg67 and Ser63. The two sidechain
NH, groups of Arg67 form hydrogen bonds with the O6 atoms of +4G(F) and +5G(R),
bridging the two DNA strands. The hydroxyl oxygen of Ser63 accepts a hydrogen bond
from the amino group of +5C(F), which is buttressed by a hydrogen bond to the sidechain
carboxyl group of Asp61 (See Fig 2d). Asn64 also forms a hydrogen bond with the N7
group of +4G(F), forming a contact that selects for a purine (Figure 2d). In addition to these
hydrogen bonds, Asn64 is held in place by van der Waals contacts to Arg67 and +4G
phosphate backbone. This combination of a hydrogen bond network and van der Waals
contacts produce a structurally well-defined protein-DNA binding interface at the D helices.

There are also a number of nonspecific contacts with the DNA phosphate backbone. To
orient the recognition helices in the major groove, Lys68 hydrogen bonds with the
phosphate group on the +3T(F) backbone. Lys70 hydrogen bonds with the phosphate group
of +7T(R). Further stabilization of the recognition helix comes from a hydrogen bond
formed between the backbone amide of Asp61 and the phosphate of G12(F).

The only other nonspecific contacts outside of the 4ADBD D helix are a hydrogen-bonding
ring between residues in both protein monomers (distinguished as A and B) that form the
following array of hydrogen bonds with a thymine phosphate: —3T(R) to 32Lys(A) to

36GIu(B) to 68Lys(B) to —3T(R) (Figure 2c). All of these interactions are repeated in the
symmetrical monomeric subunit. The only notable difference between the two subunits is
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the conformation of the Tyr66 residue, which forms a hydrogen bond with the
phosphodiester O on one side of the monomer +8T(R), but bonds directly with the final free
phosphate on the other monomer +1C(F), due to the asymmetrical presence of the DNA nick
on the 5'F end (Fig 2a, b).

4DBD-DNA complex: DNA conformation

The structure of the DNA in the complex shows only slight deviations from B-form DNA. It
is important to note that although the symmetrical protein monomers overlay closely, the
fact that the actual binding site is not at the center of the oligonucleotide that crystallized
causes slight structural differences at the two ends. On the 5’-end of the forward strand, the
break in the DNA occurs only two base pairs away from the —5G and —4C base pairs (the
“GC motif”). On the 3’-end of the forward strand, there are an additional 9 base pairs
following the GC motif. This asymmetry is also reflected in features of DNA distortion that
are discussed below.

The DNA-binding site has an A-tract separating the two GC motifs that participate in
specific protein contacts, a sequence motif that is relatively common as a target for helix-
turn-helix DBDs. It has been shown that regions of four or more adenosine residues in a row
form structures that are relatively inflexible. A variety of different studies have shown that
periodic A-tracts can form stably-curved DNA, although the precise basis for these features
are still debated.33 The A-tract sequences, coupled with YR steps, are one of the most
common elements in sequences that undergo distortion by proteins.3* The DNA in the
4DBD complex exhibits an overall bend of ~9°, with the majority of bending occurring at
base pairs+5 to +7, which are toward the 3’ end of the A-tract.

Most of the DNA in the 4DBD-DNA structure is close to B-form duplex, however, there are
two base pairs, located at the +8 and +12 positions, which show significant shear. The +8
base pair is in a short A-tract following the second GC pair, the beginning of which is the
region of maximal DNA bending. The +12 base pair is the last base pair before reaching the
DNA overhangs, and its distortions are likely the product of crystal contacts that cause the
overhangs to self-anneal.

It has been consistently observed that pyrimidine(Y)-purine(R) base pair steps are more
deformable than YY, RR, or RY steps.3> The “TGCA” motif that repeats in the binding site
for 4DBD provides two points of flexibility (T-G and C-A), enabling the compression of the
minor groove and expansion of the major groove. Plots of DNA roll, bend, and major/minor
groove widths at positions along the DNA are presented in Figure 5.

Biochemical analysis of the DNA-binding site of NtrC4

To probe the relative importance of different base pairs in the DNA-binding site, gel-shift
assays were performed on 26-bp fluorescein-labeled DNA duplexes with changes introduced
at specific base pairs (Figure 4). In three of the sites (variant_1, variant_3, variant_4), the
curves did not fit a two-state model (i.e., the data indicate no measurable binding at low
protein concentrations, followed by an abrupt increase in binding at intermediate
concentrations). As a result, these K values are included only as qualitative estimates, and
have an asterisk (*) to highlight this fact. The native complex was found to exhibit a Ky of
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11 + 4 nM (variant_2; Figure 4b). As expected, a single mutation of the specificly contacted
G-C base pairs (located at positions +/—4 and +/-5) to A-T reduced binding affinity 10-
to-15-fold (variant_3 and variant_4 (both non-two state), variant_5, and variant_6). A
disruption of the A tracts that are outside of the GC sequences (position +/-7) caused a
nearly 20-fold reduction in binding affinity (variant_7), suggesting the importance of the
peripheral A-tracts and DNA flexibility in these regions. In contrast, the insertion of CG
bases in the middle of the central A-tract (positions —1 and +1, variant_8) has a less
dramatic effect on binding, reducing affinity only 5-fold.

DISCUSSION

The free 4DBD has wider recognition-helix-spacing than Fis

It is informative to compare the structures of the free Fis and 4DBD. One important
difference between these structures is that the recognition helices in 4DBD have a larger
separation between helix axes, ~24 A, than in Fis, ~20 A (measured by a least-distance
function for helices in UCSF-Chimera). Without protein or DNA distortion, the 4DBD D-
helices are able to fit into sequential major grooves of ideal B-form DNA (gap ~ 21 A),
whereas Fis would not be able to fit into neighboring major grooves without compression of
the straddled minor groove.1? It is not surprising, therefore, that 4DBD produces a much
subtler bend in the DNA than Fis. Interestingly, the DNA-binding domain of another
homolog, NtrC from Salmonella typhimurium, has an inter-D-helix spacing of only ~14 A .12
Although no structure of a complex with DNA is available for it, there is evidence for
significant induced DNA bending by NtrC.27 Whereas Fis is understood to exhibit DNA
remodeling functions in some circumstances, the functional consequences of NtrC bending
of DNA are not fully understood.

Fis-DNA and 4DBD-DNA complexes exhibit similar specific contacts

The interactions between protein and DNA in 4DBD and Fis complexes exhibit a number of
key similarities. In both systems an arginine residue (Arg67 in 4DBD, and Arg85 in Fis) is
the dominant specific contact to a guanine base. Both also have an asparagine residue near
the N7 group of a purine. In the case of Fis, Asn84 forms a hydrogen bond with +4G.
Mutation of +4G to a C removes this hydrogen bond, but does not have a dramatic effect on
binding affinity. However, mutating +4G to a T causes a steric clash that reduces overall
binding affinity ~2500-fold.1” Therefore, it appears that the Fis asparagine residue serves to
prevent binding at sites with a T residue at +4. The same may be true for 4DBD, which has
an asparagine residue (Asn64) that appears to be close enough to form three hydrogen
bonds: one to the N7 purine group of +4G (2.9A N-N distance), one to the phosphate
backbone of +4G (3.0 A N-0), and one to the hydroxyl group of Ser63 (3.8A N—O).
Higher resolution data are necessary to precisely define the interactions of this residue and
assess contributions of hydrogen bonds vs. van der Waals interactions. However, it is
apparent that if the +4 residue were a thymine, the 5" methyl group would produce a steric
clash with Asn64 that would require a rearrangement of the residue that would likely reduce
binding affinity. This may be a second cause, together with the loss of a specific contact to
the +4G base, for reduction of the 4DBD binding affinity ~10 fold in a +4G->+4T mutation
(Figure 4, variant_5).
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In Fis, direct interaction of arginine residues with guanines causes kinks with high roll
angles (13°, 9°) at the GA steps. Although 4DBD bends the DNA much less than Fis, the
roll angle profile for 4DBD is quite similar (see Figure 5). In 4DBD, high roll values occur
at the YR steps surrounding the G basepairs (-6T to =5G and —4C to —3A). The bend angles
were also calculated with Curves+3® and are compared in Figure 5. The 3'F end of the DNA
shows a gradual curve at the peripheral A-tract of approximately 2° per base pair, in a
pattern very similar to Fis.

Fis and 4DBD distort the DNA minor grooves similarly

Stella et al. describe that the DNA in the Fis-DNA complex has expanded minor grooves
opposite the major grooves where the interaction takes place, and a compressed central
minor groove. They also find that the major groove widths are more or less constant,
allowing the minor groove compression to lead to a global bend in the DNA. The 4DBD
complex profile appears quite similar (Figure 5c). Differences between the DNA-bending
profiles in the FIS and 4DBD complexes appear to result from two features: 4DBD protein
binding near the end of the DNA strand, and the different placement of specific contacts in
the binding site.

As can be seen in Figure 3a, the DNA-binding domain binds near the 5’ forward end of the
DNA, likely causing distortions in the 5" forward end due to crystal packing contacts. The
central A-tracts are fairly straight, but the CA base steps at —4 to —3 and +5 to +6 are sites of
the most deformability and are overtwisted with high roll angles, generating a gradual bend,
predominantly in the A-tract at positions +6 to +8. Disruption of the peripheral A-tracts that
border these overtwisted bases (including bases +6 to +8) produces reduction of binding
affinity by ~20-fold when both peripheral A-tracts are disrupted (Figure 4, variant_7). This
combination of DNA base pair conformations produces a 10° overall global bend. Given the
convergence of protein-binding and crystal packing contacts that take place near the —8 end,
we expect that the DNA distortions occurring at +1 to +8 positions are the most illustrative
of native binding. Due to the symmetry of the protein and palindromic binding site, we
would therefore predict that if the complex were crystallized with fewer inter-DNA crystal
contacts and with a longer DNA-binding site at the —8 position, the bend seen in the +5 to
+8 region would be repeated in the =5 to -8 region, producing a slightly more pronounced
global bend, but still less than that induced by Fis.

The relative placement of specific contacts in each complex is also notably different. In the
4DBD complex, specific contacts are clustered in two areas, whereas the FIS complex has
four specific contacts that are spread further apart (Figure 3a). This leads to a shorter bent
region in the 4DBD complex relative to the FIS complex (Figure 5¢). Whereas 4DBD has 6
base pairs between the two specifically-contacted GC base pairs, Fis has 13 base pairs
between the specifically contacted guanines. Also, in 4DBD, the Arg67 sidechains point
inward, toward the center of the binding site, to contact the GC motifs. In Fis, the Arg85
sidechains point outward, almost a 90° rotation from the Arg67 position in 4DBD (Figure
3b). The other specific contact in 4DBD, Ser63, has no equivalent residue in the Fis
complex. However, there is close structural overlap between the following nonspecific
contacts: Asn64, Asp61, and Tyr66 from 4DBD are in similar positions as Thr87, Asng4,
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and Arg89, respectively. As a result, the overall binding profile shows very similar
nonspecific contacts, but with sidechains that “reach outward” to make specific contacts in
the Fis complex versus contacts that “reach inward” to make specific contacts in the 4ADBD
complex.

NtrC4 and Fis appear to bind DNA by different mechanisms, but distort DNA similarly

Stella et al. have proposed that Fis binds DNA by scanning sequences for narrow minor
grooves, binding sequences that have a loosely defined consensus sequence, and then
inducing a bend in the DNA to generate a tight fit. It appears unlikely that 4DBD follows
this same mechanism. The separation between the D helices in 4DBD is significantly wider
than that of Fis, leaving enough space to accommodate a B-form minor groove without
steric clashes. The observed small bend, and the modest sensitivity of binding affinity to a
DNA site with a disrupted central A-tract (Figure 4c, variant_8) suggest that bendability of
the central minor groove is not the determining factor of binding. Instead, the complex’s
reliance on a greater number of residues involved in specific contacts in 4DBD (eight
contacts to bases, mediated by six residues) vs. Fis (eight contacts to bases, mediated by two
residues) likely increases binding specificity. Fis also contains more nonspecific contacts to
the backbone (twelve) than 4DBD (eight). One of the most important residues for
nonspecific interactions in Fis, Lys90,37 has no structural equivalent in 4DBD.

In NtrC residues identified as important for DNA binding through mutagenesis (R456,
N457, R461)38 are in the recogniton helix, and are predicted to point into the groove, the
difference in spacing of the helices3® leaves unclear what bending is induced by NtrC and
which residues are responsible. Localized bending may affect the cooperativity of binding
activators at adjacent sites, and hence may affect potency of activator sites. Although the
NtrC DNA-binding domain has been shown to bind some “governor sequences”
nonspecifically to prevent DNA looping and inhibit transcriptional activation, it has only
been observed at high concentrations and with low affinity (K4 > 650 nM).40 There have
been no other indications in the literature that NtrC-like proteins can bind DNA
nonspecifically at concentrations lower than 650 nM. The mostly likely role of DNA
bending in activator binding to enhancers is on cooperativity of binding. Enhancers
generally have two binding sites for dimers, which can vary in spacing. Both binding
affinity and cooperativity in occupation of these sites affect the enhancer strength.
Cooperativity probably depends upon contacts between dimers at neighboring sites, and is
enhanced when the proteins are in their activated state in which ATPase domains also
interact. DNA bending may be needed to allow inter-dimer contacts, particularly when
unactivated. Interactions between DNA binding domains and ATPase domains are poorly
understood, but one study with electron microscopy suggests a change in ordering of DNA
binding domains that depends on the nucleotide state of attached ATPase domains
assembled into active rings for NtrC#L. DNA bending in the region between the enhancer
and the promoter start site is also important, but is mediated by IHF#2 and is probably not
related to bending at the enhancer sites.

The structural differences described above, which suggest greater sequence specificity and
reduced ability to bend DNA for 4DBD relative to Fis, are consistent with the different
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functions of the two proteins. The specificity of binding of NtrC activators is a critial aspect
of their function. In contrast, the myriad of functions exercised by Fis require a dynamic
binding mechanism that enables binding to many sequences with varying extents of DNA
bending.

NtrC4 may regulate IpxC transcription

The IpxC gene is involved in the biosynthesis of Lipid A, the hydrophobic anchor of
lipopolysaccharide, which forms the outer monolayer of the outer membrane of most gram-
negative bacteria.1® Since this outer membrane in gram-negative bacteria is implicated in
numerous forms of antibiotic resistance, it has sparked interest as an antibiotic target.3 The
finding that NtrC4 binds upstream of the IpxC promoter appears to be the first experimental
evidence suggesting o4 control of genes related to cell-surface lipid metabolism, although
infomatics analysis has suggested a relationship between ¢4 and the bacterial cell
exterior*. In our previous work on the regulation of NtrC4, we found that it can assemble to
an active oligomer even in the absence of phosphorylation (unlike homologs NtrC1 in
Aquifex and DctD in Sinorhizobium). This is consistent with a low level of constitutive
transcription of the IpxC gene, with cell cycle dependent transcription induced by
phosphorylation. However, while this association is suggestive, additional studies will be
needed to verify that |pxC is under 6°* control through NtrC4, and the range of gene
expression under different conditions. Such studies are very challenging with a thermophile
(A.a. optimum growth is at >90° C) that is difficult to culture.

Further questions

The extent of DNA-bending induced by binding NtrC-like proteins, and its functional role,
are not understood. As mentioned earlier, mesophilic NtrC is known to bind cooperatively at
two neighboring binding sites, and is believed to induce a significant DNA bend. Whether
cooperative binding affects DNA-bending in NtrC or NtrC4 is not known. It is possible that
the lack of a large DNA-bend in the NtrC4 complex is a reflection of the thermophilic nature
of A. aeolicus. A number of indicators suggest that DNA-binding in thermophiles reflects a
different thermodynamic landscape than in mesophiles. For example, it has been shown that
at high temperatures curved DNA segments with periodic A-tracts straighten.® It has also
been suggested that a different balance of topoisomerases and DNA-binding proteins is
required to keep the DNA in a duplex state above the melting temperature it would have
when linear. Finally, it has been observed that thermophiles tend to positively supercoil
DNA, as opposed to the more common negative supercoiling observed in eukarya and
eubacteria, which may also affect the thermodynamics of DNA binding.#’ There is currently
little understanding of how these features might affect the DNA complex formation at the
high temperatures that are normal growth conditions for A. aeolicus cells (which are >90°C).

NtrC proteins have a very different function in the cell than Fis does, and this is reflected in
their DNA binding. Transcriptional activation through 0°* requires localization of the
protein activator to the correct genes to be transcribed. The occupancy of the activator
binding sites in a promoter region largely determines the level of transcription from the
corresponding gene when the activating signal for the activator is present (phosphorylation
for NtrC4), hence for the NtrC family of proteins selectivity in binding is directly reflected

J Mol Biol. Author manuscript; available in PMC 2015 October 23.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Vidangos et al.

Page 12

in selectivity of transcription. It appears that the evolution of Fis from an NtrC-like specific-
binding transcription factor into a versatile, low specificity DNA-bending protein occurred
with very subtle changes to the number and positioning of specific and nonspecific contacts.
Perhaps with new methods being applied to these systems*8 it will become possible to
expreimentally address these issues.

MATERIALS AND METHODS

Protein expression, purification

Two constructs of the DNA-binding domain of NtrC4 from A. aeolicus (365-442 and 374—
442) were cloned, expressed, and purified as previously described.1!

Crystallography of 4DBD (unbound)

Crystals were grown at room temperature from 30 mg/ml protein in 20% PEG 550 MME,
0.1 M MES pH 6.5 and 0.01 M zinc sulfate. Crystals only formed in the presence of zinc or
cadmium. Diffraction data were collected at the Advanced Light Source at Lawrence
Berkeley National Laboratory at beamlines 8.2.2 and 8.3.1. A 3 wavelength MAD dataset
was collected (Zn peak 1.2829 A, Zn edge 1.2823 A, Zn remote 1.2193 A, with phasing
powers of 0.993, 0.918 and 0.859 respectively) from a single zinc-containing crystal (Table
1). The program Elves*® was used to automatically process the data and solve the structure.
Elves uses MOSFLM?30 and SCALASL 52.53 tg process and scale the data, and locates heavy
atom sites with Shelx>* and subsequently refines them using MLPHare®®. Initial phases
were calculated with MLPHare. Density modification was done using DM®% and
RESOLVES? and the electron density map was calculated with the CCP4 suite®®. Models
were build manually using 0% and refined in REFMACS560 within the CCP4 suite.
Refinement was monitored using a 5% free-R sample. Anisotropic B-factors and bulk
solvent correction were applied throughout the refinement. TLS refinement was carried out
after the free-R set dropped below 30%. Water picking was performed using ArpWarp®!
after the free-R set dropped below 28%. Data were also collected from a cadmium
containing crystal, giving an essentially identical structure (data not shown).

NMR Experiments

All NMR experiments were performed at 25°C on uniformly labeled 1°N-13C or

uniformly 1°N-labeled samples at 1 mM in 250 mM NaCl, 50 mM sodium phosphate buffer
pH 6.5, 1 mM EDTA, and 10% D,0. Backbone resonances were assigned by combining
HNCA, 3D 1®N-NOESY FHSQC and CBCA(CO)NH experiments. Verification of the
initial assignment and resolution of ambiguous regions was obtained from
HB(CB)HA(CACO)NH, HNCACB and 3D TOCSY-HSQC spectra. The steady state NOE
technique was used to obtain 1H-1°N NOE values.®2 Two 2D FHSQC type spectra were
recorded in the presence and absence of a series of proton presaturation pulses, with mixing
time of 100 ms. All data were processed with NMRPipe5 and analyzed with CARAS4,

Complex preparation for crystallography

The following DNA forward and reverse strands were ordered unpurified from the Keck
Facility at Yale University for crystallization trials: 5-ACTTGCAAATTTGCAAATGCAT
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-3’ (forward) and 5-TGATGCATTTGCAAATTTGCAA -3’ (reverse). DNAs were purified
by large gel electrophoresis in 17% 29:1 denaturing polyacrylamide gels in 8 M urea. DNA
bands were visualized by DNA shadowing, excised from the gel with a razor, pulverized by
extrusion through a syringe tip, and soaked in 25 mL aliquots of TBE 1X buffer with
rigorous shaking at 37°C. A total of 150 mL of aliquots were taken over 36 hours. Extracted
DNA was desalted with Waters Sep-Pak desalting columns, eluted into 50% methanol, and
dried in a speed-vac centrifuge. Strands were resuspended in 50 mM HEPES pH 7.0, 20 mM
NaCl, 1 mM EDTA (“DNA-binding buffer”), quantified by UV absorption at 260 nm,
combined in 1:1 molar ratios in the presence of 2 mM MgCl,, and annealed in a hot water
bath for 3 hours. The resulting DNA was combined in a 1:2 molar ratio with 4DBD
monomers in DNA-binding buffer, and run over a Superdex75 size exclusion column
equilibrated with the same buffer to reduce excess amounts of free sSSDNA, dsDNA, or
protein. The eluted complex sample was concentrated with Milipore Centricon concentrators
to a concentration of 20-30 mg/ml, and stored at 4°C. Protein concentrations in complex
samples were quantified with a Bradford assay.

Crystallography of 4DBD-complex

4DBD was co-crystallized by the hanging-drop method with dsDNA in 30 mM Na-
cacodylate pH 6.0, 140 mM spermidine, 50 mM potassium thiocyanate, and 15%
(poly)ethylene glycol mw 400, at 20°C, cryoprotected in 20% (w/v) xylitol and frozen in
liquid nitrogen until use. X-ray diffraction data were collected at the Advanced Light Source
(ALS) beamline 8.3.1 from a single crystal to 3.0 A resolution at a wavelength of 0.92 A
over a 120° wedge with 1° oscillations. Data were integrated with DENZO and scaled with
SCALEPACK as implemented in the HKL2000 suite of software. Initial phases were
solved by molecular replacement using the program PHASER.®8 The starting model
included two copies of the ADBD monomer from the free-protein crystal structure, together
with a model of ideal 13-mer B-form dsDNA (3D-DART server®7). Remaining DNA
nucleotides were modeled manually using Coot,8 and refined with PHENIX.5% The
structure was validated using SFCHECK,’® PROCHECK ! and MOLPROBITY."2
Distances between recognition helices were measured by the helix-distance function in
Chimera.”3 The structural statistics are shown in Table 1.

Gel-Shift Assays to determine NtrC4 binding site

Upstream activating sequences (UASs) from Aquifex aeolicus contained 250-bp regions
upstream from o®4-binding sites, including those upstream of the dhsU, nirB, fhp, gInB,
Ag_087, and IpxC genes. UASs were amplified by hot-start PCR, and purified gel band
extraction from 2% agarose gels utilizing the Qiagen mini-prep gel purification kit. To
determine the promoter regions to which NtrC4 binds, 100 nM of each individual UAS was
mixed with varying concentrations of full-length NtrC4 (prepared as previously described!?)
in 25 mM Tris buffer pH 8.0, 150 mM NaCl, 1 mM EDTA, and 10% glycerol, and run on a
1% low-melting-point (LMP) agarose gel at 100V for one hour at room temperature. Bands
were visualized by SYBR-gold staining (Invitrogen) with a UV visualization box.
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Dnase | footprinting

The upstream activation site (UAS) of the IpxC promoter was inserted into the pMAL-p2X
vector (New England Biolabs). The resulting pMAL-p2X derivative was used as template
for a DNAsel footprinting assay. 1 nM (final concentration) of supercoiled plasmid was
incubated with different concentrations of NtrC4 full-length activator (final concentration 1,
2, 4,8, 16 or 50 nM). After a 10-min incubation, 2 ug/ml DNase | (from Sigma) was added
for 40 seconds. A sample containing only the template plasmid was used as control, for
which DNasel was added for 20 seconds. The reactions were stopped by the addition of 150
ml of PB buffer from Qiagen (chaotropic salts) and purified with the Qiagen PCR
Purification Kit. All purified DNA fragments were analysed through a 14-round primer
extension using a 32P labeled primer (5-CGTATAATGTGTGGAATTGTGAGCGG). After
the primer extension, all samples were run on 6% PAGE with 1X Tris-buffered EDTA (10
mM Tris buff pH 8.0, 1 mM EDTA) at 32 W for 100 min and radioactive bands were
visualized by phosphorimager analysis.

DNA-binding assays to determine equilibrium constants for 4DBD binding to specific sites

DNA forward and reverse strands of 26-mer binding-site variants (mutated residues bolded/
underlined: variant_2: CATTTTTTGCAAATTTGCAAATGCAT; variant_3:
CATTTTTTICAAATTTGCAAATGCAT,; variant_4:
CATTTTTTGTAAATTTGCAAATGCAT,; variant_5:
CATTTTTTGCAAATTTTCAAATGCAT,; variant_6:
CATTTTTTGCAAATTTGTAAATGCAT; variant_7:
CATTTTCTGCAAATTTGCACATGCAT); variant_8:
CATTTTTTGCAACGTTGCAAATGCAT were purchased from IDT with HPLC
purification and with a fluorescein tag on the 5’-end of the forward strand. Duplexes were
annealed by slow cooling in a water bath from 100 C to room temperature in 50 mM
phosphate buffer pH 6.5, 5 mM NaCl and 1 mM EDTA, and gel-purified on 20% 70:1
polyacrylamide gels with the Qiagen mini-prep gel extraction kit. Combinations of dimeric
4DBD and different purified duplex DNAs were run on pre-cast Biorad Tris-HCI 4-12%
gradient polyacrylamide gels at 80V for 3 hours at 4°C, and bands were visualized and
quantified on a Typhoon Trio Imager fluorescence laser scanner (GE Healthcare). Band
intensities were plotted versus dimer concentration, and equilibrium binding constants were
calculated with a standard two-site Adair model utilizing Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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a

Figure 1.
Structure of free and bound forms of 4DBD. a) Cylinder view of free 4DBD crystal structure

(3E7L) showing the two symmetrical dimers in light and dark blue; helix labeling
convention A-D is shown. N-terminal segments not seen in the density were added in a
random, extended conformation to indicate the construct present in the crystal. b) Cartoon
view of 4DBD bound to variant_1 DNA (4FTH). Forward strand is gray, reverse strand is
green. ¢) structure of Fis bound to DNA,2° d) stereo image cutaway of structure and
simulated annealing composite omit (SA-omit) 3Fo-2Fc map to highlight specific contacts.
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Figure 2.
Cutaway views of nonspecific interactions. To use the same numbering convention in the

next two figures, the DNA is labeled by relative position (see Figure 3) and strand. a) Y66
interaction with internal backbone phosphate, contrasted with b) the other monomer’s Y66
interaction with the first resolvable base pair backbone near the edge of the DNA-binding
site, ¢) hydrogen bonding ring at +3T, d) Asp61, Ser63, Asn64 hydrogen bond network.
Forward and Reverse DNA strands are indicated by (F) and (R), and in c), residues on
different ADBD monomers are distinguished by labeling them (A) and (B).
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Figure 3.
a) DNA-binding schematics showing specific and nonspecific contacts of Fis and 4DBD

with base pair numbering convention. Note that 4DBD residue —9A on the forward strand is
omitted from this figure, as it was not visible in the density. b) cutaway view of the D
helices of 4DBD (blue) and Fis (orange) to highlight the overlapping residues (NtrC4: K68,
Y66, D61, N64).
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a) A gel shift binding-affinity assay to determine the K4 of 4DBD in complex with variant_2
(high affinity, native extended site). Each lane contains 5 nM fluorscein-labeled DNA and
the following dimeric protein concentrations: 0, 0.6, 1.3, 2.5, 3.8, 5.0, 7.5, 10.0, 12.5, 15.0,
17.5, 20.0, 22.5, 25.0, 27.5 nM. b) Plot of intensity vs. protein concentration from data in a).

Red line is fit of data to the standard Adair two-site binding curve, as described in the

Methods section. ¢) Schematic of promoter and UAS and summary of binding site mutations
tested and their resulting Ky values. Values with an asterisk showed non-two-state behavior,
the value given corresponds to 50% of the DNA shifted.
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Figure 5.
Comparison of DNA distortion in Fis (orange) and 4DBD(blue). a) Roll angles, b) bend

angles, c) major groove (upper lines) and minor groove (lower lines) widths per base step.
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Table 1
X-ray crystal structure statistics.
4DBD 4DBD complex

Data Collection
Space group: P2; P2,
Unit Cell parameters

ab,c 41.24,55.87, 62.34 67.4,28.8,74.9

a, B,y 90.00, 93.39, 90.00 90, 94.6, 90
Resolution (&) 41.17-2.25 (2.43-2.25)  48.1-3.0 (3.1-3.0)
Unique Reflections  13,286(1273) 5,902 (454)
Completeness (%)  98.1% (94.2) 96.8% (76.2)
Multiplicity 3.4(3.0) 3.3(2.3)
lloy 16.5(3.9) 15.5(2.5)
Rmerge 0.062 (0.062) 0.063(0.31)
Refinement
Ruork/Riree (%) 20.3/24.3 24.3/26.4
Number of atoms

Protein 2046 1106

DNA N/A 861
B-factors

Protein 75.2 95.4

DNA N/A 112.6
RMSDs

bond lengths(A)  0.004 0.004

bond angles (°) 0.701 0.802

Values in parentheses correspond to the highest resolution shell.
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