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ABSTRACT

LysR-type transcriptional regulators (LTTRs) form
the largest family of bacterial regulators acting
as both auto-repressors and activators of target
promoters, controlling operons involved in a wide
variety of cellular processes. The LTTR, CrgA,
from the human pathogen Neisseria meningitidis,
is upregulated during bacterial–host cell contact.
Here, we report the crystal structures of both regu-
latory domain and full-length CrgA, the first of a
novel subclass of LTTRs that form octameric rings.
Non-denaturing mass spectrometry analysis and
analytical ultracentrifugation established that the
octameric form of CrgA is the predominant species
in solution in both the presence and absence of an
oligonucleotide encompassing the CrgA-binding
sequence. Furthermore, analysis of the isolated
CrgA–DNA complex by mass spectrometry showed
stabilization of a double octamer species upon DNA
binding. Based on the observed structure and the
mass spectrometry findings, a model is proposed
in which a hexadecameric array of two CrgA oligo-
mers binds to its DNA target site.

INTRODUCTION

The largest family of one-component DNA-binding tran-
scription factors found in bacteria are the LysR-type tran-
scriptional regulators (LTTRs). LTTRs regulate the
expression of a wide variety of genes, including operons
involved in amino acid metabolism, oxidative stress, deg-
radation of aromatic compounds and bacterial virulence
(1). They comprise an N-terminal DNA-binding domain
(DBD) containing a winged helix turn-helix-motif

(wHTH) joined by a long linker helix (LH), involved in
oligomerization, to a C-terminal regulatory domain (1,2).
The regulatory domains of LTTRs share a similar fold to
periplasmic substrate-binding proteins (3) and constitute
the sensor part of the molecule, binding effector molecules
(1,4) or responding directly to redox-active compounds
through the thiol groups of cysteine residues (5). LTTRs
are dual function regulators acting as both auto-repressors
and activators of target promoters, frequently of genes
co-located with the LTTRs in the chromosome (1).
Typically, an LTTR binds to a 50–60-bp stretch of
DNA that comprises the recognition-binding site (RBS),
containing an LTTR consensus-binding motif (T-N11-A),
and an activation-binding site (ABS), which is usually
in close proximity to the –35 promoter element.
Transcriptional activation of the target gene is commonly
dependent on the interaction of the LTTR with an effector
(1). This is often a substrate or metabolite of the regulated
gene, which functions as a classical allosteric regulator,
though LTTRs appear to remain bound to their cognate
DNA targets under both inducing and non-inducing
conditions. Reports of differential DNase protection
of the ABS (6–8) and promoter DNA relaxation in the
presence of an effector suggest that the LTTR undergoes
a conformational change upon effector binding (7,8),
which leads to either a quantitative and/or qualitative
change in DNA binding. The molecular details of these
events remain unclear since structural characterization of
full-length LTTRs has proved challenging, largely due to
their poor solubility (9,10). In fact, the structure of only
one full-length LTTR has been reported to date, that of
CbnR from Ralstonia eutropha NH9, which regulates an
operon involved in the degradation of chlorocatechols (2).
The crystal structure shows that CbnR assembles, as a
dimer of dimers, into a homo-tetramer, which corresponds
to the oligomeric state that has been reported for
a number of other LTTRs (8,9,11,12). In contrast to
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full-length LTTRs, several regulatory domain structures
of LTTRs have been described, including CysB (3),
BenM, CatM (4) and Cbl (13). Examination of these
structures has confirmed earlier mutagenesis data
(11,14,15) that the site of effector interaction is located
at the interface between the two subdomains of the
C-terminal domain, termed RD-I and RD-II (4,5).
Interaction with effectors has been shown to be associated
with a conformational change in the C-terminal domain
though how this is transmitted to the DBD is not
known (4,5).
Thus, despite the central role of LTTRs in the regula-

tion of numerous metabolic processes in bacteria, their
mechanism of action remains poorly understood at a
structural level. To address the relationship between
LTTR structure and function, we have focused on con-
tact-regulated gene A (CrgA), an LTTR from Neisseria
meningitidis, which has been implicated in host–pathogen
interactions. CrgA was initially identified as being induced
upon contact of N. meningitidis with human epithelial
cells (16) and appears to be part of a group of genes
that are co-ordinately upregulated during initial adhesion
(17). CrgA is an autorepressor and activates the expres-
sion of the divergently orientated gene, modulator of drug
activity gene (mdaB), a putative quinone NADPH oxidor-
eductase, suggesting that it may be involved in the
response of Neisseria to oxidative stress (18,19). Here,
we report the crystal structure of CrgA representing the
second full-length structure of an LTTR to be described.
Unexpectedly, the structure of CrgA showed the assembly
of the protein into an octameric ring-like structure, in
marked contrast to the tetrameric form of CbnR, which
has become accepted as the usual oligomeric state of
LTTRs. Cluster analysis of LTTR sequences showed
that CrgA was associated with a distinct subset of
LTTRs and may therefore define a novel subclass of reg-
ulators that function as octamers. Non-denaturing mass
spectrometry (MS) and sedimentation velocity analytical
ultracentrifugation (AUC) were used to analyze the stoi-
chiometry and relative stability of apo CrgA and holo
CrgA in complex with its DNA target. On the basis
of the stoichiometry of CrgA:DNA complexes detected
and the octameric crystal structure, we propose a
model of how CrgA interacts with its DNA tar-
get sequence and discuss the wider significance of these
findings for transcriptional regulation by the LTTR
family.

MATERIALS AND METHODS

Crystallography and structure solution

The crystallization of CrgA and data collection methods
have been reported previously (20). The structure of the
selenomethionine derivative of the regulatory domain
(residues 89–300) of CrgA was determined by multiple-
wavelength anomalous dispersion (MAD) methods.
Crystals of RD–CrgA were grown from protein at
3.9mg ml–1 in 20mM Tris pH 7.5, 200mM NaCl, 1mM
TCEP, using an additive screen (Hampton Research) opti-
mization procedure in 200mM ammonium acetate, 25%

(w/v) polyethylene glycol 3350, 0.1M bis–Tris pH 5.5 (21).
The SHELX program suite was used to solve the selenium
substructure (22) from data collected from Crystal I.
SOLVE/RESOLVE (23) were used for the refinement of
selenium positions and phase extension to a resolution
of 2.3 Å using data collected from a second crystal. The
model was built manually using COOT (24) and refined
with CNS (25) using simulated annealing and positional
refinement with main chain NCS restraints followed
by individual isotropic B factor refinement. The final
stages of refinement were carried out with REFMAC
(26) from the CCP4 Suite (27) using TLS followed by
restrained refinement. The structure validation programs
PROCHECK (28) and RAMPAGE (29) were used to
assess the refined structures. The final refined model has
an R factor of 20.1% (Rfree 25.8%) with all residues in the
allowed regions and 99.2% of residues in the favored
region of the Ramachandran plot.

The FL–CrgA protein was concentrated to 8.2mg–1 in
20mM citrate, 200mM NaCl supplemented with 200mM
NDSB-256 (Hampton). Crystals of form A were grown
in 10% (v/v) 2-methyl-2-4-pentanediol in 0.1M sodium
acetate pH 5.0. Crystals of form B were grown in 0.4M
ammonium sulfate, 0.8M lithium sulfate and 0.08M tri-
sodium citrate pH 5.6. The full-length structure of CrgA
(Crystal form A) was determined to a resolution of 3.2 Å
by molecular replacement using MOLREP (30). A native
Patterson and MOLREP indicated the presence of a
pseudo-translation. Using the refined regulatory domain
of CrgA as the model an initial solution containing six
molecules was found. Residues 1–87 from the CbnR struc-
ture (PDB code 1IZ1) was used in a further molecular
replacement experiment to locate four DBD pairs of
CrgA. The two remaining regulatory domains were
placed manually using the position of the DBD pairs as
a guide. Each CrgA monomer was split into three NCS
restraint groups, DBD, LH and regulatory domain.
Density modification and averaging was carried out with
GAP (Jonathan M. Grimes and David I Stuart, unpub-
lished program). The model was refined using rigid body
refinement and then subjected to iterative rounds of
manual rebuilding using COOT and TLS and restrained
refinement in REFMAC. The final model has an R factor
of 21.8% (Rfree 28.6%) with >95% of the residues in the
favored region and 0.3% in the disallowed regions of the
Ramachandran plot (29).

The structure was determined for crystal form B using
MOLREP with a dimeric unit of Crystal form A as the
model. After rigid body refinement with REFMAC the
R factor was 29.3% (Rfree 40.0%) for data between 3.8
and 30 Å. No further refinement was carried out due to
the lower resolution.

The data collection and refinement statistics are
presented in Tables 1 and 2. Representative electron
density for the refined models of CrgA, are shown in
Supplementary Figure S5.

The atomic coordinates of the regulatory domain and
full-length CrgA structures have been deposited in the
Protein Data Bank under the accession codes 3HHF and
3HHG, respectively.
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Bioinformatics and structure analysis

Structural neighbors of CrgA were identified using Dali
(31). To find suitable structures for modeling the interac-
tion of CrgA with DNA, all the structures in the Protein
Data Bank solved by X-ray crystallography containing
both protein and DNA were selected for a pair-wise pro-
tein structural comparison using secondary-structure
matching (SSM) (32). The interface properties were ana-
lyzed using protein interfaces, surfaces and assemblies
service PISA at European Bioinformatics Institute (33).
The residue conservation of CrgA was calculated using
Consurf (34). The effector pocket was analyzed with
the Computed atlas of surface topography of proteins
CASTp (35). The structural figures were produced using
Pymol (36).

Preparation of CrgA, CrgA–DNA complex and EMSA

CrgA protein was prepared as previously described in
20mM Tris pH7.5, 200mM NaCl (20). DNA of the

63-bp CrgA sequence footprint (ACTTTATAATTTAA
AAGTG CAAAAATAAGAAAACACTTTTGCGTCA
AATGAAATAATCAGATG), the 30-bp CrgA site 1
(ACTTTATAATTTAAAAGTGCAAAAATAAGA) the
30-bp CrgA site 2 (CACT TTTGCGTCAAATGAAAT
AATCAGATG) (18) and the 32-bp control DNA (AAA
TTTTCAAAATCAAACGAGCTCATTACAAC) were
prepared from oligonucleotides, either PAGE purified
for MS or OligoGold standard for EMSA, purchased
from Eurogentec. A fluorescence-based EMSA Kit
(Invitrogen) was used according to the manufacturer’s
instructions (37) to analyze the binding of CrgA to
DNA. EMSA reactions of 10 ml were made up in
150mM KCl, 0.1mM dithiothreitol, 0.1mM EDTA,
10mM Tris, pH 7.4. The amount of DNA in each reaction
was kept constant at 2.5 pmol for experiments with CrgA
or 1.5 pmols for experiments with the R55Q CrgA protein.
The molarity of CrgA, calculated for an octameric species
was varied up to a 4� molar excess over the amount of
DNA. After the addition of 2 ml of 6� EMSA-loading

Table 1. Diffraction data and refinement statistics for the regulatory domain of CrgA

SeMet RD-CrgA I II

Data collection Peak Remote Inflection Peak

X-ray source BM14 BM14
Detector MAR225 CCD MAR225 CCD
Space group P21 P21
Unit-cell parameters
a (Å) 51.59 51.64
b (Å) 65.49 65.58
c (Å) 63.31 63.50
b (8) 105.27 105.02

Wavelength (Å) 0.9780 0.9065 0.9785 0.9795
Resolution range (Å) 50.0–2.76 50.0–2.29
Last resolution shell (Å) 2.86 –2.76 2.37–2.29
Unique reflections 10 553 (1058) 8620 (235) 8096 (167) 15 951 (636)
Completeness (%) 99.9 (99.5) 80.8 (22.1)a 75.9 (15.7)b 85.8 (34.8)c

Redundancy 7.4 (6.6) 4.0 (1.5) 3.5 (1.3) 4.1 (1.8)
Average I/s (I) 20.1 (4.2) 14.1 (3.3) 13.2 (3.8) 18.0 (2.1)
Rmerge

d 0.108 (0.422) 0.097 (0.286) 0.097 (0.214) 0.073 (0.299)
d’’/se 2.48 (1.27) 1.38 (0.87) 1.38 (0.91)

Refinement
Resolution (Å) 30–2.30
No of reflections 14 781
Rwork/Rfree 20.1/25.8
Number of atoms
Protein 3139
Water 203
Other 2
Rmsd bonds (Å) 0.006
RMSD angles (8) 1.0
B Wilson (Å2) 34
Mean B factor 30.7
Protein 30.5
Water 33.2
Other 39.6
Ramachandran plot
Most favored (%) 99.5
Allowed (%) 0.5

Values in parentheses are for data in the highest resolution shell.
a,b,cData were processed into the corners of the detector and are essentially complete to 3.5 Å, 3.8 Å, 2.7 Å, respectively.
dRmerge=

P
hkl

P
i | Ii(hkl) –hI(hkl) |/

P
hkl

P
i Ii(hkl).

eAnomalous signal/noise ratio as calculated by SHELXC, with data from resolution 50–8.0 Å and 5–4.2 Å respectively.
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buffer, the samples were loaded on to a non-denaturing
polyacrylamide 4–20% TBE gel and electrophoresed in
0.5� TBE running buffer at �120V for 1.5 h. The gel
was stained for DNA with SYBR Green EMSA gel
stain (Invitrogen).
The CrgA:DNA complex was formed by elution of

CrgA in the presence of excess DNA of the 63-bp CrgA
sequence footprint, from a 16/60 Hiload superdex 200
column (GE healthcare).

Mass spectrometry

Nano-electrospray MS and IM-MS of CrgA, DNA and
CrgA:DNA complexes were acquired using either a Qstar
XL (MDS Sciex, Applied Biosystems, Concord, ON,
Canada) or a Synapt HDMS (Waters, Manchester, UK)
under conditions optimized for the transmission of non-
covalent protein complex interactions using previously
described protocols (38,39). Apo and holo protein was
buffer exchanged using 5 kDa molecular weight cut-off
Vivaspin columns (Vivascience) into 200mM ammonium
acetate, pH 6.8, in order to mimic the ionic strength of the
original buffer. DNA was exchanged into 200mM ammo-
nium acetate using micro bio-spin 6 columns (BioRad).
Typical instrument parameters, in positive ion mode, on
the Qstar XL for apo and holo CrgA were: ion spray
voltage 1.2–1.65 kV, de-clustering potential 200–250V,
focusing potential 200V, de-clustering potential 2 15V,

quadrupole voltage (Q0) 100–200V, collision gas (CAD)
12, ion release delay 6 and ion release width 5.
Experiments were acquired at instrument base pressure
of 6.5 mbar.

Typical instrument parameters, in positive ion mode,
on the Qstar XL for apo DNA were: ion spray voltage
1.2 kV; de-clustering potential 100V; focusing potential
150V; de-clustering potential 2 15V; quadrupole voltage
(Q0) 50V; collision gas (CAD) 3; ion release delay 6 and
ion release width 5.

Typical instrument parameters for IM-MS, using a
Synapt HDMS, in positive mode, were: capillary voltage
1.7 kV; sample cone 40V; extractor cone 0V; trap collision
energy 10V; transfer collision energy 10V; bias voltage
20V; backing pressure 4.3 mbar; trap pressure 5.3� 10�2

mbar; T-wave drift cell pressure 5.1� 10�1 mbar and ToF
pressure 1.8� 10–6 mbar. For activation experiments
voltages were increased gradually to sample cone 200V
(in 20V steps), extraction cone 10V (in 2V steps), trap
collision energy 200V (in 20V steps) and bias voltage
180V (in 20V steps).

Data were acquired and processed using Analyst QS
(Applied Biosystems, Concord, ON, Canada) and
Masslynx software 4.1 with driftscope (Waters, Milford
MA, USA). All spectra are shown with minimal smooth-
ing. Spectra were calibrated externally using a 100mg ml–1

solution of caesium iodide solution.

Analytical ultracentrifugation

Sedimentation velocity experiments were performed in a
Beckman Optima XL-I analytical ultracentrifuge, as pre-
viously described (40). The experiment was performed at
40 000 rpm in an An60Ti rotor at 208C. The partial specific
volume used was 0.73ml g–1. The buffer density was 1 g
ml–1 and the viscosity 0.01002 poise. Protein samples were
prepared in 20mM Tris pH 7.5, 200mM NaCl. The sed-
imentation profiles of samples of CrgA (1.9 mM) alone and
in the presence of an equimolar amount of the 63 bp DNA
probe were observed over time using interference optics,
since the signal in the absorbance trace was dominated by
that from the DNA. Analysis by the c(s,f/f0) method used
the software SEDFIT (41,42). The c(s) is a method for
model-independent analysis of velocity boundary profiles
whereby an apparent distribution of sedimentation coeffi-
cients, apparent as a Gaussian distribution, is shown by
each sedimenting species or set of species (a set of species if
interconverting rapidly on the timescale of the experi-
ment). The Gaussian distribution derives from the effects
of diffusion on the apparent sedimentation coefficient, as
affected by the changing concentration of the sedimenting
species in the boundary. c(s,f/f0) Distributions are two
dimensional plots of the relationship between sedimenta-
tion coefficient and frictional ratio (f/f0), which can be
inferred from the degree of broadening in the boundary.
The proportions of species observed with different
S values were calculated by integrating the areas under
the peaks of two dimensional plots.

The function c(s,f/f0) can then be used to derive
functions such as c(s,M), dependence of sedimentation
coefficient and weight, and c(s,Rs), dependence of

Table 2. Diffraction data and refinement statistics for full-length CrgA

Native FL-CrgA Crystal form A Crystal form B

X-ray source ID14–4
Space group P212121 P21
Detector Q315r ADSC CCD
Unit-cell parameters
a (Å) 104.64 123.17
b (Å) 119.09 204.99
c (Å) 250.20 124.80
b (8) 93.10

Wavelength (Å) 0.9765 0.9765
Resolution range (Å) 30.0–3.20 30.0– 3.80
Last resolution shell (Å) 3.31–3.20 3.94–3.80
Unique reflections 43 934 (4398) 60 401 (5853)
Completeness (%) 83.8a (85.3) 99.6 (97.2)
Redundancy 3.7 (2.7) 3.7 (3.3)
Average I/�(I) 17.8 (1.66) 10.4 (4.10)
Rmerge

b 0.061 (0.512) 0.138 (0.365)
Refinement
Resolution (Å) 29.9–3.2
No of reflections 40 596
Rwork/Rfree 21.8/28.6
Number of atoms 18304
Rmsd bonds (Å) 0.006
RMSD angles (8) 0.9
B Wilson (Å2) 96.5
Mean B factor 83.5
Ramachandran plot
Most favoured (%) 95.6
Allowed (%) 4.2
Disallowed (%) 0.3

Values in parentheses are for data in the highest resolution shell.
aRmerge=

P
hkl

P
i | Ii(hkl)–hI(hkl) |/

P
hkl

P
i Ii(hkl).

bResolution shell 3.6–3.79 Å is 27.2% complete due to ice rings.
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sedimentation coefficient and Stokes radius. The first 30
interference scans were analyzed for both samples, allow-
ing for frictional ratios up to 2.5. A resolution of 50 was
used for the calculations. Sedimentation coefficients were
computed for atomic models using the program
HYDROPRO (43).

RESULTS

Overall structure of CrgA

We first solved the structure of the regulatory domain of
the protein (residues 89–300) using selenomethionine-sub-
stituted protein by multiple wavelength anomalous disper-
sion to 2.3 Å resolution. This model was then used to
determine the structures of the full-length protein in
both orthorhombic and monoclinic crystal forms by
molecular replacement to resolutions of 3.2 Å and 3.8 Å,
respectively. As expected, each CrgA subunit of the full-
length protein comprises an N-terminal DBD, connected
via a long LH to a C-terminal regulatory domain
(Figure 1). The DBD contains a wHTH motif (a1, a2,
a3, b1 and b2) that is comparable to that of other
wHTH superfamily members superimposing with a root
mean-square deviation (RMSD) of 2.3–3.0 Å (for 53–58
common Ca residues) (Supplementary Figure S1). As
expected the position of the a2–a3 (residues 21–41) is
extremely well conserved while the position and length
of the wing vary within the family. The regulatory
domain contains two subdomains RD-I (residues 89–162
and 265–299) and RD-II (residues 163–264). RD-I con-
sists of a core of four parallel and one anti-parallel
b strands (b3, b4, b5, b6 and b13) sandwiched between
a helices (a5–a6, a7 and a11) and a 310 helix (Z2). The b6
and b13 strands cross over between the two subdomains.
RD-II contains three a helices (a8, a9 and a10), a 310 helix
(Z1) and a series of b strands (b7–b12) (Figure 1). The
putative effector pocket, located at the interface of RD-I
and RD-II, is large with a solvent-accessible surface area
of 603 Å2 and a volume of 1072 Å3 (35). The residues
lining the pocket are predominantly non-polar (66%)
including four phenylalanine residues (residues F164,
F193, F242 and F268) suggesting that the potential effec-
tor is largely hydrophobic in nature. The only clue as to
the identity of the effector, which we presume modulates
the activity of CrgA, is the observation that treatment of
Neisseria with a-methylene–g-butyrolactone (MBL) has
been shown to induce CrgA-dependent expression of
mdaB (18). However in E. coli MBL is not a direct sub-
strate of the MdaB enzyme and in a thermal shift
(ThermoFluor) assay, that can be used to assess ligand
binding (44), we observed no evidence of a direct interac-
tion between MBL and CrgA suggesting that MBL is
acting indirectly (data not shown).

Novel octameric assembly of CrgA

Although the fold of each CrgA subunit is similar to that
observed for CbnR, the overall assembly of the complex is
strikingly different. CbnR is tetrameric whereas CrgA
assembles into square-like hollow octameric rings with
dimensions of 125� 125� 67 Å. The regulatory domains

are sandwiched between the DBDs that are located in
pairs (DBD pairs) at the four corners of the disc.
Viewed from above, the hollow of the octamer has a
cross-like shape with a distance of �95 Å between oppos-
ing LHs and �50 Å between opposing regulatory domains
(Figure 2). On first inspection the octamer, which occupies
one asymmetric unit, appears to have 4-fold symmetry.
However, there are significant differences in the orienta-
tion of the LHs and DBDs within the eight subunits,
which break this apparent symmetry. Due to the nature
of the assembly, each CrgA subunit contacts just two of
the other subunits. Each subunit forms an interface with
one adjacent subunit, principally through their equivalent
N-terminal domains, (residues 1–89, N-term interface)
and to a second subunit, through their regulatory domains
(RD interface) (Figure 2). The sizes of these two interfaces
are similar, each burying an average surface area of �1300
Å2. The RD interface contains two sets of equivalent inter-
actions, between residues of the RD-I and RD-II on the
adjacent chain while the N-terminal interface is primarily
formed by dimerization of the LHs through intermolecu-
lar anti-parallel coiled coil interactions (Figures 4A and
6D).
The question arises as to whether the octameric assem-

bly of CrgA observed in the crystal structure is relevant to
the protein in solution and hence the biologically active
form of the protein. Therefore, the protein was analyzed
by non-denaturing nano-electrospray mass spectrometry
(MS) to determine the precise oligomeric state of
CrgA in solution,. The results showed an intense and
well-resolved charge state series, from +36 to +43, in
the 6500–8500m/z range, which corresponded to an octa-
meric assembly for CrgA (Figure 3A). The insert in
Figure 3A confirms the presence of one dominant

Figure 1. CrgA fold and domain architecture.
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oligomeric state over a large m/z range. Additionally, a
small amount of hexameric CrgA was detected by MS,
(hexamer peaks are identified by black circles). The mea-
sured mass of the octamer was 273 542� 25 Da, which is
slightly greater than the predicted mass of 272 919Da.
This discrepancy in mass is explained by the inability to
achieve complete species desolvation of the complex with
the ‘soft’ ionization methods required to maintain subunit
interactions. This results in the retention of water and
buffer molecules within the protein complex ions that
are detected (45). The octameric stoichiometry was con-
firmed by activating the complex using collision-induced
dissociation (CID) (46). This results in a proportion of the
octamer dissociating into a heptamer as a monomer is
unfolded and ejected from the intact assembly carrying
with it a disproportionate amount of the overall charge
of the complex (Figure 3B insert). Due to the greater acti-
vation of the complex during CID experiments, enhanced
peak resolution is achieved, enabling a more accurate
mass measurement and confirming the octameric assembly
of CrgA. As described below, the results of AUC experi-
ments also confirmed the octameric state of the CrgA
protein in solution (Figure 5A).

Comparison of the assembly of CrgA and CbnR

The most notable difference between CrgA and CbnR is
the orientation of their DBD and LH. In all eight subunits

of CrgA the LH folds back toward the regulatory domain
whereas in CbnR in the compact form (chains A and P),
the LH folds back toward the regulatory domain. While in
the extended form (chains B and Q), the LH extends away
from the regulatory domain with a rotation of �808
(Figure 4). The hinge region of LTTRs, first identified in
CbnR, largely controls the orientation of the DBD and
LH. Cross-comparison (Supplementary Figure S2) of the
eight chains of CrgA indicates that there is a significant
amount of rotational freedom of the LH around the hinge
but that there is no large pivot movement of the regulatory
domain away from the DBD–LH as observed between the
compact and extended forms of CbnR (2). In CrgA, the
hinge (H88, E89, I90 P91, Q92 and G93) contains a PXG
motif whereas in CbnR, there are two glycine residues
(GXXG) in this region. The more constrained geometry
of a proline compared to a glycine residue in the hinge of
CrgA may cause it to have less structural freedom than
CbnR, which can adopt two markedly different conforma-
tions. The fact that the PXG motif is conserved within
close homologs, though not within the LTTR family as
a whole, suggests that it may be functionally important.

Significantly, in CbnR there is a third type of interface
formed between the two aV helices (residues S201 to
H212) of RD-II in chains A and P (both in the compact
form), which stabilizes the central core of the tetramer (2).
In CrgA, this helix is replaced by a b strand (b8)

Figure 2. Octameric assembly of CrgA found in the full-length structure.
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preventing a comparable interface forming in this protein
(Figure 4B). CrgA is atypical since 14/15 closest structural
neighbors identified using a Dali search contain a helix at
this position.

To probe the relationship between CrgA and other
members of the LTTR family we generated a cluster
map of 4843 LTTR sequences with the program CLANS
which uses pair-wise BLAST similarity scores (47).

Figure 3. Analysis of CrgA and CrgA–DNA complexes by non-denaturing mass spectrometry. The predominant charge state series in the nano-
electrospray mass spectrum shown in (A) corresponds to the +36 to +43 charge states of CrgA (3 mM) with an octameric stoichiometry. A small
amount of hexameric CrgA was also observed (indicated by black circles) and the insert at the top of the panel confirms there are no other
stoichiometries over a wide m/z range. (B) The CrgA octamer under activating MS conditions, resulting in the formation of a ‘stripped’ heptameric
species (insert). (C) The mixed population of CrgA–DNA complexes observed by MS, these include CrgA8DNA1, CrgA8DNA2, CrgA8DNA3 and
CrgA16DNA4. A spectrum of DNA (80 mM) alone is shown as an insert to (C). In this insert four charge state series were identified with charges
states from +10 to +14. The full length DNA corresponds to series D, while the smaller masses (series A–C) likely correspond to various nucleic
acid truncations of the DNA.

Figure 4. Comparison of CrgA and CbnR. (A) Dimeric unit of CrgA. (B) Dimeric unit of CbnR (PDB code 1IZ1) and CbnR tetramer (Insert).
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The 2D cluster map contains four major groups with a
large main cluster of 2928 sequences containing the tetra-
meric LTTR CbnR in addition to other characterized
LTTRs including MetR and OxyR. CrgA forms part of a
smaller cluster of 921 (19%) protein sequences, which
includes the close E. coli homolog YafC (59% sequence
identity) as well as proteins annotated as AaeR and PtxR
(Supplementary Figure S3). This partitioning of LTTR
sequences indicates that CrgA is not unique and we suggest
that the octameric assembly of CrgA may be shared with
other LTTRs within this cluster.
Although the overall oligomeric states of CrgA and

CbnR are different, there are parallels in the way that
the CrgA octamer and CbnR tetramer are held together.
The DBD–LH module of these two LTTRs is particularly
well conserved (Ca RMSD of 1.1 Å for 86 equivalent resi-
dues) and probably within the wider family (Figure 6D).
Dimerization of the coiled coil controls the overall spacing
and position of the two wHTH motif within an LTTR
DNA-binding pair and will thus impart some of the gen-
eral characteristics of an LTTR DNA-binding site, for

example the length of the palindromic bases recognized.
The RD interface does not show the same level of struc-
tural conservation between the two structures. Although
25/35 of the equivalent residues involved in formation of
the CrgA RD interface are also found at the CbnR RD
interface, in CbnR the two RD-IIs also interface with each
other through residues 248–253 whereas in CrgA they are
clearly separate.

MS reveals a double octamer CrgA–DNA complex

Previously, DNase I protection assays of the intergenic
region between crgA and the divergently transcribed
gene, mdaB, identified two 30-bp CrgA DNA-binding
sites (crgA sites 1 and 2) separated by 3 bp, each contain-
ing the characteristic LTTR-binding motif, T-N11-A (48).
We have confirmed the specific interaction between puri-
fied CrgA and this 63-bp CrgA footprint in a gel-shift
experiment. As observed by Deghmane et al. (16), there
is not a complete shift of the probe by CrgA indicating
that binding under the conditions of electrophoresis is rel-
atively weak (Figure 6B). In order to determine the precise
stoichiometry of the interaction between CrgA and the
target DNA, MS was carried out on the isolated CrgA–
DNA complex. A mixed population of CrgA–DNA com-
plexes was detected. It was found that a single CrgA
octamer could bind one, two or three lengths of DNA
(Figure 3C). Furthermore, in the presence of DNA a
CrgA 16mer was detected bound to a maximum of four
DNA strands (Figure 3C). This double octamer species
was not observed in the apo form suggesting that the pres-
ence of the DNA is required to stabilize an interaction
between the two CrgA octameric rings. The peak intensi-
ties give an indication of the relative populations of the
different protein–DNA species in solution; however, par-
ticularly for complexes with a similar composition, abso-
lute solution populations maybe affected by subtle
differences in the ionization properties as a result of each
CrgA–DNA complexes’ unique stoichiometry (49,50). It is
interesting that in the 16mer arrangement, all four DNA-
binding sites for each octamer are occupied suggesting
some co-operativity of DNA binding. In fact, as indicated
by modeling, once one DNA binds orthogonally to two
CrgA octamer rings the DNA-binding sites at the remain-
ing three corners of each octamer are aligned such that it is
more favorable for three additional strands to bind (see
below). A nano-electrospray mass spectrum of the DNA
strand alone is shown as an insert to Figure 3C. The pre-
dicted mass of the DNA is 38 788Da and is in close agree-
ment to the measured mass of 38 885� 1Da (series D)
calculated using the +14 to +10 charge states. The three
additional charge states series (A–C) are likely to be the
result of nucleic acid truncations.

In order to investigate further the effect of DNA bind-
ing on the CrgA protein ion mobility mass spectrometry
(IM-MS) was used to compare the apo CrgA octamer with
a holo CrgA octamer binding two DNA stands. IMMS
separates ions not only by their m/z mass and charge
but also by their drift time mobility through a nitrogen
filled T-wave drift cell which is influenced by the species
shape and size (51). Additionally, sufficient gas phase

Figure 5. Plots of sedimentation coefficient population distribution
(c(s)) against s. Each clearly defined peak represents a single species,
the main peak in both cases being fit with a Gaussian to allow
for precise calculation of the s value (red dashed line). (A) CrgA.
(B) CrgA with DNA.
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activation of a ring-like structure in a mass spectrometer
typically results in structural collapse of the quaternary
topology. This is then followed by an expansion of the
protein complex. Minimal activation however allows the
transmission of a ring-like protein complex with little
compromise to the presence of the cavity (52). In the
case of the apo CrgA octamer, a reduction and then
increase drift time was observed for the lowest charge
state ion (+28) of the protein complex (Supplementary
Figure S4). This is consistent with a small collapse,
assigned to the loss of the cavity, followed by much
greater expansion as the complex is activated and
unfolded, The holo CrgA octamer with two DNA strands
exhibits a similar collapse for its lowest charge state (+30)
but to a smaller degree than the +28 charge state of the
apo CrgA octamer. The difference between the initial drift
time and minimum drift time for the most collapsed struc-
ture, normalized for the charge of the ion, is smaller for
the holo (22.80ms) than for the apo (28.84ms) form of the
CrgA octamer. Moreover, the energy required to retain
the most compact state for the DNA-bound CrgA octa-
mer is greater for the holo form compared to the apo
CrgA. Both the higher activation required to collapse
the structure and lower level of collapse observed for the
holo CrgA suggest that the DNA contributes to stabiliza-
tion of the CrgA octamer. Moreover, these results suggest

that the ring-like conformation of CrgA is maintained
upon DNA binding.

Comparison of CrgA and CrgA-DNA complexes by
analytical centrifugation

To complement the analysis by MS, sedimentation veloc-
ity experiments were carried out on CrgA either alone or
in the presence of the same DNA probe used in MS. In the
absence of DNA (Figure 5A), the sedimentation profile
was dominated by a species of 9.4 S, accounting for 90%
of the observed molecules, followed by a small tail at
higher s values. This tail did not consist of well-defined
peaks and indicated a range of interactions, which were
either non-specific or very transitory. In the presence of
DNA, a major peak of 9.6 S was observed together with a
series of species, which were well resolved and extended to
25 S. The proportion of observed molecules in the 9.6 S
peak was 74%. Calculation of apparent weight c(s,M)
distributions for both samples (Supplementary data
Figure S6) showed that the 9.4 S CrgA species observed
in the absence of DNA corresponded to a diffused peak
between 200 and 350 kDa whereas the major 9.6 S species
in the sample with DNA gave a well-defined peak at
170 kDa (Figure 5). Peaks at higher values were also
observed including a clear non-trivial peak at 2MDa
(Supplementary data figure S6) corresponding to the

Figure 6. DNA binding and recognition in CrgA. (A) Sequence alignment of the DBD of CrgA with two further LTTR family members [E. coli,
CysB and OxyR) and the three HTH proteins (DtxR from Corynebacterium diphtheriae (56), OhrR from Bacillus subtilis (55) and NarL from E. coli
(54)] used for modeling. Residues boxed in yellow, contact the DNA in the co-structures of DtxR (PDB code 1F5T), OhrR (PDB code 1Z9C) and
NarL (PDB code 1ZG5) or are predicted to contact DNA in CrgA. Residues important for DNA binding identified by mutational analysis in CysB,
OxyR and CrgA are shown in red (11,57). Residues underlined form the activating region identified in CysB (64). The residue conservation scores of
CrgA obtained with Consurf, based on 70 LTTRs from the Swissprot database, are shown above the alignment. Only residues of the structurally
equivalent a2 and a3 are shown for DtxR, OhrR and NarL. (B) EMSA on CrgA wild type (2.5 pmol) and CrgA R55Q mutant (1.5 pmol) mixed in a
1:1 molar ratio with the reported 63-bp CrgA DNA footprint (18,48). (C) One DBD of CrgA with modeled DNA showing selected residues discussed
in this report. (D) Structural comparison of a DBD and LH pair from CrgA and CbnR (Ca RMSD 1.1 Å2 for 86 equivalent residues). R55 of CrgA
is labeled for orientation purposes in panel E. (E) Electrostatic surface potential of the CrgA octamer showing one DNA-binding pair with modeled
DNA (DxtR, PDB code 1F5T).
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25 S species, referred to above. The calculated sedimenta-
tion coefficients for an LTTR tetramer and octamer are
6.65 S and 11.03 S based on the atomic structures of CnBr
[2] and CrgA, respectively. Therefore, we conclude that
the major species observed for CrgA subjected to AUC
in both the absence and presence of DNA is most likely to
be an octamer consistent with the results of MS, described
above. The slower sedimentation of CrgA, �9.5 S with or
without DNA, is probably due to additional hydrody-
namic drag resulting from the hollow nature of the octa-
mer that is not allowed for in the atomic model-based
calculation of the s value. Further drag is presumably

introduced by the bound DNA since the added DNA
does not increase the overall sedimentation coefficient
though it does significantly improve the definition of the
peak in the c(s,M) distribution.

Most interestingly, we observed that the addition of
DNA resulted in a proportion (�25%) of CrgA molecules
forming higher molecular weight/sedimentation coefficient
species. The fact that these oligomers were only observed
in the presence of DNA strongly suggests that they
were induced by DNA binding (Figure 5). They include
species that presumably correspond to the hexadecamer
observed by MS and also higher order assemblies up

Figure 7. Model of a hexadecameric array of two CrgA oligomers binding to the DNA target site. (A) Two CrgA octamers bound to the 63-bp CrgA
DNA footprint (48). The first octamer (blue) binds to CrgA site 1 and the second octamer (gray) to site 2. The LTTR motifs (boxed in green in the
sequence) are bound between the two recognition helices of a DBD pair. One strand of the DNA is coloured to represent the sequence elements
depicted in the schematic. The LTTR motifs are indicated by green colouring of the DNA. The three base pairs between CrgA site 1 and 2 are shown
in yellow. The bases overexposed to DMS methylation (+) or hypersensitive to DNase I (�) are indicated. The predicted transcription and trans-
lation start points are represented with bent and broad arrows, respectively. The predicted –10 promoter element for crgA is underlined. The location
of the –35 promoter (underlined) element of mdaB is indicated with a dashed orange line. (B) EMSA of purified CrgA binding to its DNA target site.
The amount of DNA was kept constant at 2.5 pmol per reaction and the molarity of CrgA was varied as indicated. (C) Asymmetric unit of Crystal
form B of CrgA.
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to 25 S. The calculated sedimentation coefficient for the
CrgA hexadecamer is 17.75 S though the experimental S
value may well be smaller as a result of extra hydrody-
namic drag referred to above for the octamer. Therefore it
is not possible to unambiguously designate one of the
observed peaks as the hexadecamer. The failure of MS
to detect any oligomers larger than the hexadecamer
may be due to a combination of their low abundance
and/or inefficient ionization compared to the octamer
and hexadecamer. Differences in the size range of oligo-
mers detected by MS compared to AUC have been
reported in a study of amyloid fibril formation (53).

Interaction of CrgA with its DNA target site

The CrgA residues likely to contact the DNA were identi-
fied using modeling with the DNA co-structures of DtxR,
OhrR and NarL (Figure 6A) (54–56). M29, A30, S32,
A33, S35, R36, I37, K39 and R40 in the turn preceding
or within the recognition helix (a3) are predicted to con-
tact the major groove and residues of the wing are pre-
dicted to contact the minor groove of the target DNA.
The conserved arginine residues present in the wing
appear to have an important role in DNA binding in
LTTRs. An R50 (equivalent to CrgA R52) mutant in
OxyR and additionally an R55Q mutation in CrgA abo-
lishe all DNA binding on electrophoretic mobility shift
assay (EMSA) (Figure 6B and C) (57). In addition resi-
dues N4-E7 may also make contact with the DNA, though
the nature of these interactions are difficult to predict
as the orientation of the a1 helix is not well conserved
within the wHTH family.

The DBD pairs of CbnR and CrgA are highly similar
suggesting that individual DBD pairs of LTTRs bind to
DNA in a similar way (Figure 6D). The overall length of
DNA bound by a single LTTR DBD pair would be in the
region of 70–80 Å (20–24 bp) with a distance of �33 Å
(equivalent to 1 helical turn of DNA) between the two
recognition helices (Ca of S32) and �63 Å between the
two wings (Ca of R55). Almost all LTTRs bind to the
T-N11-A motif and the more highly conserved residues
of the wHTH are likely to contact these T/A bases (57).
It follows that the 11-bp spacing of these bases indicates
that the molecular determinant for LTTR consensus selec-
tivity is likely to lie within the a-helical core of the DBD
pair and not in the outer wing regions. A possible candi-
date for conferring this selectivity is the serine/threonine at
residue 35, one of the most highly conserved residues in
the recognition helix of the LTTR family (Figure 6A)
and required for DNA binding in OxyR, CysB and
GcvA (57–59). Furthermore, modeling suggests that in a
DBD pair of CrgA, the two S35 residues would be capable
of making base contacts to the major groove of DNA on
opposite strands with �11 bp in between (Figure 6C).
Perhaps, further indication of a role for this Ser/Thr in
LTTR motif recognition is MauR, an LTTR that unusu-
ally contains an alanine rather than a Ser/Thr at this posi-
tion binds to DNA lacking the classical LTTR motif (60).

The calculated electrostatic potential of the outer sur-
face of the octamer showed localized regions of both pos-
itive and negative charge. Taken together, with the

orientation of the wHTH motif within CrgA suggests
that, unless there is a significant structural rearrangement
upon DNA binding, the DNA would bind across the octa-
meric disc at an angle of �608 (axis between adjacent
corners) and not directly around the periphery of the
disc (Figure 6E). The distance between DBD pairs (mea-
sured between S32) at adjacent corners is 91 Å. Therefore
�26 bp or more of bridging DNA would be required to
link these adjacent DBD pairs together, if they were to
engage DNA sequence elements in the same stretch of
DNA. However, the spacing of the two LTTR consensus
sites within the 63-bp CrgA sequence footprint is just
15 bp, equivalent to �50 Å of DNA and would not be
long enough to bridge two DBD pairs of a single CrgA
octamer (18,48). We conclude from these observations
that the two binding sites, which make up the 63-bp
sequence footprint of CrgA cannot be bound by the
same octamer.

Model of the CrgA–DNA complex

As mentioned above, the published DNA footprinting
data for CrgA show that the protein interacts with two
adjacent LTTR-binding motifs in the CrgA/MdaB pro-
moter region (48). We have shown that CrgA assembles
as an octamer and have argued from an examination of
the crystal structure that geometric constraints preclude
the simultaneous binding of both sites by the same CrgA
octamer. The MS of CrgA–DNA complexes showed the
binding of single octamers to DNA and sedimentation
velocity experiments confirmed that single octamers are
the predominant species observed in the presence of
DNA. We conclude that in this case, only one of the
two LTTR-binding motifs in the DNA are involved in
CrgA binding. Consistent with this, EMSA assays
showed that in addition to binding to the 63-bp CrgA
DNA footprint, CrgA binds to the individual CrgA site
1 and site 2 sequences (Figure 7B). The mobilities of these
30-bp DNA fragments were clearly shifted by CrgA. No
shift was observed for a randomized control oligonucleo-
tide of similar GC base content, indicating that the inter-
action with the CrgA sites was sequence specific
(Figure 7B). In contrast to the EMSA with the 63-bp
sequence, no defined band corresponding to a CrgA–
DNA complex for these shorter DNA fragments was
observed. This possibly indicates that the presence and
occupancy of both binding sites is required for the forma-
tion of a stable complex in the EMSA. In these experi-
ments, we did observe some material that did not enter the
gel, which may correspond to high-molecular-weight com-
plexes. However, given the propensity of the protein to
aggregate it could also include non-specifically aggregated
material.
The MS of CrgA–DNA complexes showed in addition

to the binding of single octamers to DNA, the unexpected
stabilization of a double octameric species by DNA bind-
ing. Sedimentation velocity experiments also indicated
that higher order oligomers of CrgA are induced by the
addition of DNA. Intriguingly, in crystal form B of CrgA,
two octamers were observed stacked together providing a
view of how CrgA could be self-associated (Figure 7C).
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The DBD pairs of the two octameric rings found in the
asymmetric unit were orientated in such a way that both
octamers could bind to the same strand of DNA
(Figure 7C). These observations lead us to propose a
model whereby CrgA interacts with both LTTR-binding
sites in the CrgA/MdaB promoter region and which there-
fore reconciles the octameric assembly state of CrgA and
its interaction with DNA revealed by footprinting (48). In
this model (Figure 7A) we envisage two CrgA octamers
stacked against each other, in a comparable manner to
that observed in the second crystal form, with DNA bind-
ing through a single DBD pair of the two octamers. The
LTTR motifs are aligned between the two recognition hel-
ices of each pair with S35 contacting the conserved T/A
bases. The model satisfies the 15-bp spacing between the
two LTTR motifs and means that the three bases between
CrgA site 1 and 2, which are hypersensitive to DNase, do
not contact the protein. Our model does not rule out the
possibility that individual CrgA octamers interact with the
CrgA/MdaB promoter region in vivo as indicated by MS
and AUC in vitro. However, as discussed below, the func-
tional consequences in terms of promoter activation/
repression under these circumstances would be different
to the binding of a double since only single LTTR-binding
sites would be engaged at a time.

DISCUSSION

A large variety of both global and specific transcription
factors are deployed in bacteria to control gene expression
in response to different environmental signals. One of the
largest families of such proteins is the LTTRs, which func-
tion to both induce and repress transcription. Despite con-
siderable progress in understanding the genetics and
biochemistry of LTTRs there remains much to be learnt
about the molecular details of how these proteins regulate
transcription. In particular, the lack of a strong consensus
DNA-recognition sequence has hindered efforts to unam-
biguously characterize the relationship between LTTRs
and their DNA targets. Combining X-ray crystallography,
MS and analytical ultracentrifugation, we have elucidated
the structure of the LTTR, CrgA from N. meningitidis and
have determined the stoichiometry of binding to DNA.
Unlike other LTTRs, which form tetramers, we show
that CrgA assembles into an octameric array, which
can bind up to four 63-bp DNA oligonucleotides. On
the basis of these observations, we have developed a
model for the interaction of CrgA with its cognate pro-
moter region, which involves the binding of two stacked
CrgA octamers to adjacent recognition sites in the target
DNA. This contrasts with the current model for tetra-
meric LTTRs in which the DBDs of a single LTTR
located unilaterally on the tetramer are thought to
engage adjacent binding sites (2). However, only in the
case of CysB from Salmonella typhimurium has direct
experimental evidence been obtained to support this stoi-
chiometry (61).
In the non-induced state, the transcription of the LTTR

is repressed and the divergent regulated gene is not
actively transcribed. In response to some environmental

cue, a conformational change in the LTTR, propagated
through interactions in the C-terminal domain, results in a
change in protein–DNA contact. This appears to be asso-
ciated with relaxation of the angle of DNA bending within
the promoter region and involves, in some cases, translo-
cation of the protein from one binding site to another as
observed by a change in length and position of the DNA
footprints e.g. OxyR, (62) OccR (63) and AtzR (8). It is
presumed that this in turn favors RNA polymerase
engagement presumably by relieving some steric hindrance
and may involve protein–protein interactions between the
LTTR and RNA polymerase. In the regulation of cysP by
cysB in E. coli, it has been shown that direct interaction
between CysB with the C-terminal domain of RNAPa
(aCTD) is required for the activation of transcription
both in vitro and in vivo (64). Based on the above consid-
erations and our model for the CrgA–DNA complex, we
propose the following mechanism for how CrgA may
switch on mdaB expression, while also repressing its own
transcription. During initial adhesion between Neisseria
and epithelial cells, expression of crgA is upregulated as
part of a regulon, which responds to contact with host
cells (17). Increased cellular levels of CrgA leads to the
occupancy of both the LTTR-binding sites in the crgA–
mdaB promoter region. This, in turn, would repress crgA
transcription as RNA polymerase would be sterically
blocked from accessing the crgA promoter, resulting in
self-limiting autoregulated expression of CrgA. Results
from DNA protection assays with dimethylsulfate
(DMS) and DNase suggest that the promoter DNA
undergoes a conformational change upon CrgA binding
(48,65). From our model of a CrgA–DNA complex, occu-
pancy of both CrgA-binding sites by the double octamer
would cause the DNA to bind inhibiting transcription of
mdaB. It is known that expression of mdaB is induced
following cell adhesion (66) and also by treatment of
cells with MBL, which has been shown to be dependent
upon CrgA expression (18). For this to happen CrgA
must respond to a further effector signal generated post-
adhesion or following exposure to quinones, which
induces a conformational change in the protein. This
leads to a change in the disposition of the octamers with
respect to each other and relaxation of the bound DNA,
which in turn leads to the recruitment of RNA polymerase
by CrgA and initiation of transcription of the mdaB
gene. The proposed sequence of events is necessarily
speculative but provokes follow-up experiments including
exploring the role of DNA bending in the interaction
of CrgA with its target promoters, the possible direct
interaction with RNA polymerase and visualization
of the assembly of the CrgA-dependent transcription
complex. In conclusion, we have shown a new assembly
state for the LTTR family of transcription factors,
which indicates a role for multimerization in the interac-
tion with DNA.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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