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SpoIIID is evolutionarily conserved in endospore-forming bacteria, and it activates or represses many genes during sporulation
of Bacillus subtilis. An SpoIIID monomer binds DNA with high affinity and moderate sequence specificity. In addition to a pre-
dicted helix-turn-helix motif, SpoIIID has a C-terminal basic region that contributes to DNA binding. The nuclear magnetic res-
onance (NMR) solution structure of SpoIIID in complex with DNA revealed that SpoIIID does indeed have a helix-turn-helix
domain and that it has a novel C-terminal helical extension. Residues in both of these regions interact with DNA, based on the
NMR data and on the effects on DNA binding in vitro of SpoIIID with single-alanine substitutions. These data, as well as se-
quence conservation in SpoIIID binding sites, were used for information-driven docking to model the SpoIIID-DNA complex.
The modeling resulted in a single cluster of models in which the recognition helix of the helix-turn-helix domain interacts with
the major groove of DNA, as expected. Interestingly, the C-terminal extension, which includes two helices connected by a kink,
interacts with the adjacent minor groove of DNA in the models. This predicted novel mode of binding is proposed to explain
how a monomer of SpoIIID achieves high-affinity DNA binding. Since SpoIIID is conserved only in endospore-forming bacteria,
which include important pathogenic Bacilli and Clostridia, whose ability to sporulate contributes to their environmental persis-
tence, the interaction of the C-terminal extension of SpoIIID with DNA is a potential target for development of sporulation
inhibitors.

SpoIIID is a key regulator of transcription during the sporula-
tion process of the bacterium Bacillus subtilis. When these rod-

shaped cells sense nutrient limitation, they complete DNA repli-
cation and synthesize a polar division septum, creating a larger
mother cell and a smaller forespore, each of which receives a copy
of the chromosome (see Fig. S1 in the supplemental material). The
alternative sigma factor, �E, becomes active in the mother cell and
directs transcription of the spoIIID gene and nearly 300 other
genes (reviewed in reference 1). Some of the genes under �E con-
trol code for proteins that cause the mother cell membrane to
engulf the forespore and pinch it off as a free protoplast inside the
mother cell [reviewed in reference 2] (see Fig. S1). SpoIIID regu-
lates the transcription of more than 100 genes in the mother cell
(3). Most of these genes are transcribed by �E RNA polymerase
initially and then downregulated by SpoIIID as it accumulates.
SpoIIID also upregulates transcription of a few genes in the �E

regulon (3), including directly activating transcription of the gene
for the later-acting mother cell sigma factor, �K (4, 5) (see Fig. S1).
Many genes in the �K regulon code for proteins that assemble on
the surface of the forespore to produce a multilayered coat that
helps the spore withstand environmental stress after it is released
by mother cell lysis (reviewed in reference 6). SpoIIID directly
represses transcription by �K RNA polymerase of at least four
genes that code for spore coat proteins, opposing activation of
transcription by GerE at these promoters (4, 7–9). GerE up- or
downregulates transcription of about 90 genes in the �K regulon
(3). Both GerE (74 residues) and SpoIIID (93 residues) are small,
sequence-specific DNA-binding proteins.

Proteins bind to specific sequences in DNA using a small num-
ber of structurally distinct motifs. One of the most prevalent mo-
tifs is the helix-turn-helix (HTH), which is found not only in
bacterial and eukaryotic transcription factors but also in proteins
that participate in DNA repair and RNA metabolism (10). The
HTH motif typically consists of a trihelical bundle in which the

second and third helices are connected by a sharp turn. The third
helix is known as the recognition helix, because it interacts with
base pairs in the major groove of DNA. However, this interaction
alone does not impart sufficient specificity and affinity. Many
HTH proteins overcome this problem by forming homodimers
that recognize palindromic sites in DNA (11, 12). A crystal struc-
ture of GerE revealed a dimer with an HTH in each monomer, and
the recognition helix of each HTH was predicted to interact with
inverted repeats matching the degenerate consensus DNA se-
quence RWWTRGGYNNYY (R means A or G, W means A or T, Y
means C or T, and N means A, C, G, or T) (13). SpoIIID has a
predicted HTH (14), but a monomer of SpoIIID can bind with
high affinity to DNA containing a single match to the degenerate
consensus sequence WWRRACARNY (15). Two regions of
SpoIIID were shown to be important for DNA binding, the puta-
tive recognition helix of the predicted HTH and a basic region
near the C terminus. Other HTH proteins, such as homeodomain
proteins and winged-helix proteins, use “arms” and “wings,” re-
spectively, to make additional contacts with DNA, allowing spe-
cific, high-affinity binding by a protein monomer (16, 17).

Here, we report the nuclear magnetic resonance (NMR) solu-
tion structure of SpoIIID in complex with DNA. The predicted
HTH of SpoIIID is followed by a C-terminal helical extension that
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is unique for an HTH protein. The NMR data and the effects of
substitutions in SpoIIID indicate residues in both the recognition
helix of the HTH and in the C-terminal extension that likely in-
teract with DNA. Using an information-driven docking method,
we model the SpoIIID-DNA complex. Our results provide strong
evidence for a novel mode of DNA binding by SpoIIID.

MATERIALS AND METHODS
NMR sample preparation. SpoIIID was produced in Escherichia coli, ei-
ther singly labeled with 15N or doubly labeled with 15N and 13C, using
minimal media with appropriate nitrogen and carbon sources. The pro-
tein was purified, and its concentration in the fractions eluted from the
heparin column at 1 M NaCl was determined as described previously (15).
The pooled fractions were diluted 10-fold to 0.1 M NaCl with 10 mM
potassium phosphate buffer, pH 7.0 (buffer 1), mixed at a 1:1.2 molar
ratio with a solution of probe 11 DNA, prepared as described previously
(15), and incubated on ice for 1 h. Probe 11 forms a 14-bp DNA duplex
containing a single copy of the idealized binding site consensus sequence
(5=-TAGGACAAGC-3=) (see Fig. S2 in the supplemental material), and
analytical ultracentrifugation analyses indicated that an SpoIIID mono-
mer forms a 1:1 complex with probe 11 DNA (15). Complexes were con-
centrated using Amicon Ultra 4 (5,000 molecular weight cutoff) (Milli-
pore) filtration devices and then centrifuged (16,000 � g for 10 min at
4°C). The supernatant (approximately 500 �l) was transferred to a new
tube and mixed with 50 �M 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS), 0.1% sodium azide, and 10% D2O. The sample, with a final
SpoIIID concentration of 1.2 mM, was placed in an NMR tube and sealed
with a septum.

NMR data acquisition and analysis. NMR experiments were per-
formed at 25°C on a 900-MHz Bruker Avance spectrometer equipped
with a TCI cryoprobe or a 600-MHz Varian Inova spectrometer equipped
with a standard triple-resonance probe. Data were processed using the
program NMRPipe (18) with chemical shifts referenced to the internal
DSS standard and were analyzed using the program NMRView (19).
NMR spectra acquired for sequential resonance assignment and structure
determinations (20) included two-dimensional (2D) 1�-15N-heteronu-
clear single quantum coherence (HSQC), 1�-13C-HSQC, 3D HNCACB,
CBCA(CO)NH, HNCA, HN(CO)CA, HNCO, HCCH-total correlated
spectroscopy (TOCSY), 13C-edited nuclear Overhauser effect spectros-
copy (NOESY), 15N-edited NOESY, and 13C-edited NOESY for aromatic
regions. The mixing time for all NOESY experiments was set to 70 ms. The
2D 1�-15N-HSQC spectrum of SpoIIID in the complex showed good
signal dispersion, indicating that the protein structure is well defined (Fig.
1). Over 97% of the 1H, 15N, and 13C resonances of the protein could be
assigned based on the analysis of the spectra mentioned above. A number
of 2D and 3D [13C,15N]-filtered NMR spectra, including [13C,15N](�1)-
filtered, [13C](�2)-edited NOESY; [13C](�1)-edited, [13C,15N](�2)-fil-
tered NOESY; [13C,15N](�1 and �2)-filtered NOESY; and 15N-edited/
13C,15N-filtered and 13C-edited/13C,15N-filtered NOESY, were collected
to try to obtain information about the DNA structure and intermolecular
NOEs (21, 22). For the most part, our efforts were unsuccessful due to the
insensitivity of the filtered experiments in this biomolecular system. How-
ever, a few intermolecular NOEs were obtained from the 3D 13C,15N-
filtered (F1), 15N-edited (F3) NOESY spectrum that were not obtained
with the 3D 15N-edited NOESY spectrum (see Table S1 in the supplemen-
tal material), which provided us useful information to generate a model of

FIG 1 1H-15N-HSQC spectrum of the SpoIIID-DNA complex. The NMR sample contained �1.2 mM SpoIIID-DNA complex in a buffer containing 10 mM
phosphate, 100 mM KCl, pH 7.0. The spectrum was recorded at 25°C and an 1H frequency of 900 MHz with coherence selection by pulsed-field gradients and
sensitivity enhancement. Sequential assignments are indicated with the one-letter amino acid code and residue number. Side chain amides are indicated by
horizontal lines. The inset is an expanded view of the boxed region.
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the protein-DNA complex (23). Backbone [1H]-15N heteronuclear NOEs
were measured and analyzed as described previously (24).

Calculation of the SpoIIID structure. The solution structure of
SpoIIID complexed with DNA was calculated using a torsion angle dy-
namic-simulated annealing protocol with the program CYANA 2.1 (25).
The structure calculation was performed for all residues of SpoIIID, al-
though the N- and C-terminal regions were unstructured. The NOE dis-
tance restraints were obtained from 3D 13C-edited and 15N-edited
NOESY spectra and categorized on the basis of the NOE peak intensities.
Dihedral angle values were derived from TALOS (26). Only residues with
all 10 predictions lying in the same region of the Ramachandran plot were
used. The isomerization state of all proline residues was determined as
trans (27). Backbone hydrogen bond restraints were applied for residues
that showed helical 13C chemical shifts and regular helical secondary
structure NOEs (27). The initial structure calculation was carried out
using both distance restraints and dihedral angle restraints. A total of 100
conformers was generated, the first 20 of which, with lowest target func-
tion, were used for structural analysis.

Binding of SpoIIID to DNA. Plasmids and strains used to express
wild-type and single-Ala-substituted forms of SpoIIID are described in
Table S2 in the supplemental material. Mutations were introduced into
spoIIID using the QuikChange site-directed mutagenesis kit (Stratagene)
and mutagenic oligonucleotides that are listed in Table S3. All mutant
spoIIID genes were sequenced at the Michigan State University Research
Technology Support Facility to confirm that no undesired mutations were
present. Overexpression of SpoIIID in E. coli BL21(DE3) (Novagen) and
purification for electrophoretic mobility shift assays (EMSAs) were de-
scribed previously (15). The concentrations of wild-type and Ala-substi-
tuted SpoIIID were determined as described previously (15), except the
concentrations of SpoIIID R44A and SpoIIID K76A, which were too low
for reliable absorbance measurements, were estimated from Coomassie
blue staining (see Fig. S3). EMSAs were performed as described previously
(15), except a lower concentration (0.1 nM) of labeled probe DNA was
used, so the apparent Kd (dissociation constant) could be determined by
plotting the linear range of the log of the ratio of bound to free probe DNA
versus the log [SpoIIID] and observing the [SpoIIID] at which the line
intersected the x axis (i.e., [bound DNA] � [free DNA]).

Structural modeling of the protein-DNA complex. Models were cal-
culated using the information-driven biomolecular docking program
HADDOCK v2 (28–30). Intermolecular NOEs (see Table S1 in the sup-
plemental material), mutational data (i.e., effects on DNA binding of Ala
substitutions in SpoIIID and of base pair changes in DNA presented here),
and conserved sequences in natural SpoIIID binding sites (3, 4, 9, 31) were
translated into ambiguous interaction restraints (AIRs) to drive the dock-
ing process (see Table S4). Thirty-one AIRs with a 2-Å distance definition
were used in the HADDOCK docking. The 20 conformers of SpoIIID in
the DNA-bound conformation with the unstructured C-terminal region
of SpoIIID (residues 82 to 93) removed were used for the docking. Resi-
dues showing intermolecular NOEs and/or effects on DNA binding when
changed to Ala were selected as active residues (see Table S4). Based on the
intermolecular NOEs on 	-helical regions of SpoIIID, semiflexible re-
gions were defined as residues 34 to 44, 57 to 65, and 67 to 81. Because no
structural information of the DNA portion was available, a model struc-
ture of a standard B-form 14-mer DNA duplex was generated using the
3D-DART server (32). DNA base pair restraints were defined as described
previously (30). Base pairs that, when mutated, affected DNA binding
and/or base pairs conserved in natural SpoIIID binding sites were selected
as active base pairs (see Table S4). Additional restraints to maintain base
pair planarity and Watson-Crick bonds were introduced for the DNA. A
total of 1,000 structures were calculated in the rigid-body docking stage.
The 200 structures with the lowest intermolecular energy were selected for
semiflexible simulated annealing with the AIRs as intermolecular re-
straints, all NMR experimental restraints used earlier for the protein
structure determination, and Waston-Crick bonds and planarity re-
straints as intramolecular restraints for the DNA. During this stage, DNA

was considered fully flexible and the protein side chains of the three semi-
flexible regions were allowed to move (30). Further refinement of the 200
structures was performed in an explicit solvent with all restraints men-
tioned above. Finally, the 200 refined structures were clustered using
HADDOCK2.1 package scripts with a backbone root mean square devia-
tion (RMSD) cutoff of 4.5 Å for the protein and DNA. This generated just
one cluster of 200 structures that was analyzed further. The top 10 struc-
tures with the lowest HADDOCK score were selected to represent the
protein-DNA complex.

Protein structure accession number. The structure of SpoIIID com-
plexed with DNA was deposited in the Protein Data Bank under accession
number 2L0k.

RESULTS
Structure of SpoIIID in complex with DNA. The three-dimen-
sional structure of SpoIIID bound to DNA was determined using
restraints, including 2,194 NOE distance and 132 torsion angle
restraints (Table 1), derived from heteronuclear multidimen-
sional NMR spectroscopy (Fig. 1). The DNA structure could not
be determined (see below), but it consisted of a 14-bp duplex
containing a single copy of the 10-bp idealized binding site con-
sensus sequence (5=-TAGGACAAGC-3=) (see Fig. S2 in the sup-
plemental material), and previous work showed that an SpoIIID
monomer forms a 1:1 complex with this DNA molecule (15). Fig-
ure 2A shows an ensemble of 20 conformers of SpoIIID with the
lowest target functions, representing its three-dimensional NMR
structure in complex with DNA. The structure is well defined for
the structured region (residues 4 to 81), with an RMSD of 0.43 Å
for the protein backbone and 0.86 Å for all heavy atoms (Table 1).
No distance or torsion angle restraints are violated by more than
0.3 Å or 5°, respectively. Ramachandran plot analysis of the struc-
tures with PROCHECK-NMR (33) showed that of the nonglycine
and nonproline residues, 87.5% and 12.5% are in the most favor-
able and additionally allowed regions, respectively. The N-termi-
nal tripeptide and the C-terminal residues 82 to 93 are disordered,
as indicated by negative backbone [1H]-15N heteronuclear NOEs
(Fig. 2B), the lack of proton resonances for residues His2 and
Asp3, and the small number of medium-range NOEs and lack of
long-range NOEs between C-terminal residues 82 to 93 and the
rest of the protein (see Fig. S4).

The structured region of SpoIIID (residues 4 to 81) consists of
five helices (Fig. 2C). The first four helices form a rigid and com-
pact architecture in the order 	1 (residues 4 to 19), the HTH motif
(	2-turn-	3; residues 23 to 48), and 	4 (residues 51 to 65). The
HTH motif is connected to the C-terminal end of 	1 by a turn
involving Lys20, Lys21, and Thr22, and there are extensive side
chain interactions between 	1 and the HTH motif, including a salt
bridge between the side chains of Arg8 in 	1 and Asp40 in 	3 that
likely explains the instability of D40K-substituted SpoIIID (15).
	4 folds back onto this structure via a sharp turn centered at
Asn49 (with a dihedral angle, 
, of �149°) that positions the main
chain of 	4 almost antiparallel to 	3 at an �30° angle, contribut-
ing to the formation of the hydrophobic core of the protein (Fig.
2D). The C-terminal end of 	4 protrudes from the core but is
associated with it via interactions between the side chain of His63
in 	4 and the side chains of Thr22 in the first turn and Val23 in 	2.
All four 	-helices (	1 to 	4) are amphipathic, with their hydro-
phobic residues oriented toward the center of the bundle. The side
chains of Ile12, Ile16, Ile26, Val37, Leu41, Leu45, Leu52, and
Val56 are deeply buried in the hydrophobic core, which is so com-
pact that a water molecule cannot fit inside. The side chain of Ile12
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in 	1 inserts into the hydrophobic pocket between 	2 and 	3,
with one of its C�1 protons packed above the aromatic ring of
Phe30 in 	2 (so close to the ring that one of the C�1 protons is
shielded and its chemical shift is shifted to �0.485 ppm because of
the ring current effect, compared with 1.42 ppm for the other C�1
proton of Ile12). The architecture of the turn in the HTH is main-
tained by hydrophobic interactions between the side chains of
Val32 in the turn and Ala27 in 	2. 	3 is capped by the hydroxyl
groups of Ser35 and Thr36 at its N-terminal end, which, together
with that of Ser33 in the turn of the HTH, form a cluster of hy-
droxyl groups in a triangle arrangement. The final 	-helix, 	5
(residues 67 to 81), is connected to 	4 by a kink at Ile66 (with a
dihedral angle, 
, of �116°). It extends away from the central
structured region, and its C-terminal end displays some mobility,
as indicated by smaller backbone [1H]-15N heteronuclear NOEs

(Fig. 2B). However, 	5 plays a critical role in DNA binding (see
below).

Structural comparison to other proteins. Structural align-
ments with other proteins revealed that SpoIIID bound to DNA
is unique among proteins containing HTH domains. All HTH
domains contain a prototypic core structure composed of three
helices arranged in a triangular fashion, and different families
of HTH domains are distinguished by various extensions of the
prototypic core structure (10). The prototypic core structure of
SpoIIID consists of the first three helices, which is best aligned
with the �4 domain of the primary � factor from Thermus
aquaticus (Protein Data Bank [PDB] entry 1KU3) (34) with an
RMSD of only 1.44 Å over 44 aligned residues (C	 atoms). The
HTH motif in the �4 domain recognizes the �35 element of bac-
terial promoters.

When the entire structured region of SpoIIID was used for a
structural similarity search of the Protein Data Bank using the
DaliLite server (35), however, no protein was found with an ex-
tension similar to helices 4 and 5 of SpoIIID. The top three
matches were the N-terminal HTH domains of a probable tran-
scriptional regulator (PA0477) from Pseudomonas aeruginosa
(PDB entry 2ESN, chain B; 300 residues) with a Z-score of 5.8, a
transcription regulator (TM1602) from Thermotoga maritima
(PDB entry 1J5Y; 172 residues) with a Z-score of 5.5, and the
manganese transport regulatory protein, MntR, from E. coli (PDB
entry 2H09; 155 residues) (36) with a Z-score of 5.3. These three
HTH domains are all winged HTH domains with a two-stranded

-sheet extension to the C terminus of the prototypic core struc-
ture. In contrast, the extension to the C terminus of the prototypic
core structure of SpoIIID features two helices. The three HTH
domains were selected as top matches with the best Z-scores by the
DaliLite server, presumably because the small 
-sheets of these
HTH domains have an orientation similar to that of helix 4 of
SpoIIID, as illustrated for PA0477 (Fig. 3A), which has an RMSD
of 3.1 Å over 57 aligned residues (C	 atoms) with 14% sequence
identity to SpoIIID. Conversely, presumably because the helical
extensions have rather different orientations than helices 4 and 5
of SpoIIID, none of the HTH domains with helical extensions was
selected among the top matches by the DaliLite server. This is
supported by the result of a structural similarity search using the
FATCAT server (37), which performs flexible structural align-
ment by allowing twists. The top match of this structural similarity
search was the �4 domain of the flagellar � factor �28 from Aquifex
aeolicus (PDB entry 1RP3, chain A; 239 residues) (38). The �4

domain has large helical extensions to both the N and C termini of
the prototypic HTH core structure. With rigid structure align-
ment, the two structures could be aligned only for the three helices
of the core structure, with an RMSD of 1.5 Å for 44 aligned resi-
dues (C	 atoms) (Fig. 3B). With flexible structure alignment with
one twist, resulting in a break between residues 136 and 137, the
two structures could be aligned with an RMSD of 1.97 Å for 68
residues (Fig. 3C). Taken together, the structural similarity
searches showed that SpoIIID has a novel helical extension to the
prototypic HTH core structure and represents a new family of
HTH domain-containing proteins.

Interaction of SpoIIID with DNA. We next tried to determine
the structure of the DNA in the complex and investigate the bind-
ing interface between SpoIIID and the DNA by recording a num-
ber of 2D and 3D 13C/15N-filtered NMR spectra on a 900-MHz
NMR spectrometer. We were not able to assign the resonances

TABLE 1 Structural statistics for the SpoIIID ensemble

Parameter Value for SpoIIID

NMR distance and dihedral restraints 2,418
NOE distance restraints 2,194

Intraresidue (|i-j| � 0) 628
Sequential (|i-j| � 1) 633
Medium range (|i-j|�4) 621
Long range (|i-j|�4) 312

Hydrogen bonds 92
Dihedral angle restraintsa 132


 66
� 66

Structure statistics
Residual CYANA target function (Å) 1.42 � 0.0052
Violations from exptl restraints from the

20 structures
No. of distance restraint violations of

�0.30 Å
0

No. of dihedral angle restraint
violations of �5.0°

0

No. of van der Waals violations of
�0.30 Å

0

Maximum dihedral angle restraint
violation (°)

4.39

Maximum distance constraint
violation (Å)

0.28

Maximum van der Waals violations
(Å)

0.27

Deviations from idealized geometryb

Bond lengths (Å) 0.005
Bond angles (°) 0.7

Coordinate precisionc (Å)
Protein backbone 0.43 � 0.09
Protein heavy atoms 0.86 � 0.12

Ramachandran statisticsd (%)
Most favored regions 87.5
Additionally allowed regions 12.5
Generously allowed regions 0.0
Disallowed regions 0.0

a The dihedral angles were predicted by using the program TALOS (30).
b The data were generated from the ADIT Validation Server at the RCSB Protein Data
Bank.
c The coordinate precision is defined as the average RMSD between the 20 SpoIIID
structures and the mean coordinates. The reported values are for residues Tyr4-Lys81,
and the backbone refers to the N, C	, and CO atoms.
d PROCHECK statistics calculated over the ensemble of 20 structures.
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from the DNA, as the isotopically filtered NMR experiments per-
formed on this biomolecular system were not sensitive enough to
yield data of sufficient quality for such an analysis. Because the
NMR signals of the DNA could not be assigned to its constituent

atoms, structure determination of the bound DNA was not possi-
ble. However, the 3D 15N-edited/13C,15N-filtered NOESY spec-
trum allowed us to identify intermolecular NOEs between the
amide protons of the protein and DNA bases or riboses (Fig. 4A

a                                                    

N

C

N

C

b

c

α1
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α5

N[  H]-
 NOE

15       1

Residue Number

I10
I12

I16

I59

I26

I48

L41L45 L52

V23

V37

V56

A27
A53Y15
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α1
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α4

α2

T22
H63

d

FIG 2 Three-dimensional protein structure and [1H]-15N heteronuclear NOEs of the SpoIIID-DNA complex. (A) Stereo view of the superimposed backbone
traces of the 20 NMR-derived lowest-energy structures with disordered and loop regions colored black and well-defined regions colored blue. (B) [1H]-15N
heteronuclear NOEs plotted against the amino acid sequence. (C) Ribbon representation of the average structure derived from the 20 lowest-energy structures.
(D) Hydrophobic contacts between helices.

FIG 3 Structural comparison to other proteins. SpoIIID (green) is superimposed with the winged HTH domain of a putative transcriptional regulator, PA0477
from P. aeruginosa (PDB entry 2ESN, chain B) (A), and the �4 domain of the flagellar � factor �28 from Aquifex aeolicus (PDB entry 1RP3, chain A) without any
twist (B) or with a twist resulting in a break at residue 136 (C).
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and B; also see Table S1 in the supplemental material). As antici-
pated, residues Ser35, Thr36, Glu43, and Arg44 in the putative
recognition helix (	3) of the HTH motif exhibited intermolecular
NOEs. Strikingly, Lys64 in 	4 and Arg67, Gly71, Gly72, Ala74,
Thr75, and Lys76 in 	5 also displayed intermolecular NOEs, in-
dicating that these regions interact with DNA.

Electrostatic surface potential representations show that DNA-
bound SpoIIID (residues 1 to 81) has two positively charged
patches over its front (Fig. 4C), an extensive tract between the
HTH motif and helices 	4 and 	5 involving Arg24, Lys34, His38,
Lys57, His63, Lys64, Arg67, Arg70, Lys78, and Lys81 that form a
positively charged groove, and a smaller patch on the lower part of
the front between 	1 and 	3 involving Arg8, Lys39, and Arg44.
The back of the structure shows the presence of evenly distributed
negative and positive charges (Fig. 4C).

The charge distribution on the front of SpoIIID and the inter-
molecular NOE data are consistent with the suggestion from pre-
vious analysis of alterations to SpoIIID that two regions are im-
portant for DNA binding, the putative recognition helix (	3) of

the HTH motif and a basic region (	5) near the C terminus (15).
However, the previous mutational analysis employed charge re-
versal substitutions in SpoIIID, which are more likely to affect its
structure and interaction with DNA than Ala substitutions.
Therefore, we expressed in E. coli and purified wild-type SpoIIID
and 9 altered forms of SpoIIID, each with a single-Ala substitution
in the putative recognition helix of the HTH or in a basic (Lys)
residue near the C terminus. All of the Ala-substituted proteins
bound probe 10, containing a single copy of the idealized binding
site consensus sequence (Fig. 5A) (15), with affinity similar to that
of wild-type SpoIIID in EMSAs, except E43A, which had an ap-
proximately 2-fold lower affinity (Table 2).

Since binding to probe 10 failed to reveal differences in affinity
among most of the SpoIIID proteins, we measured binding to
probes 15 to 17, each differing from probe 10 by a single base pair
in the highly conserved ACA sequence in the center of the binding
site consensus (Fig. 5A and B). Wild-type SpoIIID bound probes
15 and 16 with reduced affinity (Table 2), indicating the impor-
tance of the ADE21/THY8 and CYT22/GUA7 base pairs for DNA

FIG 4 Molecular determinants of the SpoIIID-DNA interface. (A) Selected strips from a 3D 15N-edited, [13C,15N]-filtered NOESY spectrum for several residues
in the C-terminal 	-helix (	5) of spoIIID, indicative of intermolecular NOEs with DNA. (B) SpoIIID (residues 1 to 81) in the same orientation as that of Fig. 2C
with residues color coded according to the number (1 to 4) of intermolecular NOEs. (C) Surface electrostatic potential representation of SpoIIID (residues 1 to
81). Positive, blue; negative, red; neutral, gray. The orientation of the left panel, which we designate the front, is the same as that shown in Fig. 2C.
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binding (see Fig. S2 in the supplemental material for numbering of
bases). Strikingly, 7 Ala-substituted SpoIIID proteins bound
weakly or not at all to probes 15 and 16 (Fig. 5C and Table 2).
Given the high-affinity binding of these proteins to probe 10 (pre-
sumably indicative of proper folding), their impaired binding to
probes 15 and 16 strongly suggests that Lys34, His38, Lys39,
Arg44, Lys78, Lys80, and Lys81 of SpoIIID are important for bind-
ing to DNA (at least to sites with 1 or more mismatches to the
idealized binding site consensus sequence). Lys76 also contributes
to binding to probes 15 and 16, since K76A had about 4-fold lower
affinity than wild-type SpoIIID (Table 2). K76A produced two
complexes with slightly different mobilities from that of the com-

plex produced by wild-type SpoIIID or the other Ala-substituted
proteins (Fig. 5C). K76A might exhibit two modes of binding to
DNA that differ from that of wild-type SpoIIID (see Discussion).
Interestingly, despite its 2-fold lower affinity for probe 10, E43A
bound probes 15 and 16 with affinity similar to that of wild-type
SpoIIID (Table 2).

Although wild-type SpoIIID bound probe 17 with affinity sim-
ilar to that of probe 10, only 2 Ala-substituted SpoIIID proteins
exhibited this behavior, E43A and K81A (Table 2). The other pro-
teins had lower affinity for probe 17 than for probe 10, with H38A,
K76A, and K80A being about 2-fold lower, K39A and K78A being
3- to 4-fold lower, and K34A and R44A being 19- and 9-fold lower,
respectively. These results indicate that the ADE23/THY6 base
pair is somewhat important for DNA binding (at least by Ala-
substituted SpoIIIDs) and suggest that Lys34 and Arg44 contrib-
ute the most to binding to probe 17, followed by Lys39 and Lys78
and finally His38, Lys76, and Lys80.

To search for a second probe capable of distinguishing the
relative contributions of SpoIIID residues to DNA binding, we
screened probes 18 to 22 for binding to wild-type SpoIIID, K39A,
and R44A (see Fig. S5 in the supplemental material). Wild-type
SpoIIID bound probe 18 with affinity similar to that of probe 10,
but K39A and R44A bound weakly to probe 18. Therefore, we
measured the affinity of all 9 Ala-substituted SpoIIID proteins for
probe 18 (Table 2). All of the proteins except E43A exhibited lower
affinity for probe 18 than for probe 17, indicating that the GUA25/
CYT4 base pair is more important for binding of Ala-substituted
SpoIIIDs than the ADE23/THY6 base pair. Lys34 and Arg44 were
crucial for binding to probe 18, the same two residues that ap-
peared to contribute most to probe 17 binding. In addition, Lys39
was crucial for binding to probe 18, followed by Lys78, His38,

FIG 5 Binding of SpoIIID to DNA. (A) Sequences of DNA probes. Only one strand of each probe is shown. The arrow denotes the idealized binding site
consensus sequence in probe 10, and underlined bases in the other probes indicate differences from probe 10. (B) EMSAs of wild-type SpoIIID binding to
different DNA probes. A 2-fold dilution series of SpoIIID beginning at the concentration (nM) above the leftmost lane in each panel is shown for different probes
(indicated below each panel) (0.1 nM). Bound (B) and unbound (U) probe are indicated. (C) EMSAs of wild-type and altered SpoIIID binding to DNA.
Wild-type (Wt) or single-Ala-substituted forms of SpoIIID (840 nM) were tested with probe 10 (both panels), probe 15 (top panel), or probe 16 (bottom panel)
(0.1 nM).

TABLE 2 Binding of wild-type and altered SpoIIID to DNA

SpoIIID

Binding with probe no.:

10 15 16 17 18

Wild type 2.4 � 0.2a 28 � 0.8 69 � 8 3.0 � 0.5 2.7 � 0.2
Altered

K34A 2.2 � 0.7 �7,700b �7,700 42 � 5 �840
H38A 2.6 � 0.6 �2,500 �2,500 5.7 � 0.2 38 � 7
K39A 1.8 � 0.1 �12,000 �12,000 8 � 1 �840
E43A 5.4 � 0.8 32 � 0.6 54 � 5 5.3 � 0.1 5.9 � 0.1
R44A 2.7 � 0.3 �840 �840 25 � 4 �840
K76A 3.2 � 0.6 140 � 30 300 � 50 5.3 � 0.7 11 � 2
K78A 2.5 � 0.8 �11,000 �11,000 7 � 1 120 � 20
K80A 1.8 � 0.3 �14,000 �14,000 3.5 � 0.4 4.8 � 0.2
K81A 2.0 � 0.9 �12,000 �12,000 2.6 � 0.4 3.9 � 0.3

a Apparent Kd (nM) measured by EMSAs. Averages and standard deviations from at
least 3 determinations are shown. EMSAs were performed as described previously (15).
The binding reaction buffer contained 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM
EDTA, 5% glycerol, and 0.1 mM double-stranded poly(dI-dC).
b The number is the highest concentration of altered SpoIIID (nM) that was tested, and
less than half of the probe was bound at that concentration.
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Lys76, Lys80, and Lys81, in order of decreasing apparent contri-
bution to probe 18 binding, in excellent agreement with their
apparent contributions to probe 17 binding.

Our DNA-binding data indicate that the ADE21/THY8 and
CYT22/GUA7 base pairs near the center of the consensus se-
quence are the most important for SpoIIID binding, followed by
GUA25/CYT4 and then ADE23/THY6. Our data also suggest that
Lys34 and Arg44 of SpoIIID contribute most to its affinity for
DNA, followed by Lys39 and Lys78 and then His38. The other
residues tested contribute less to DNA-binding affinity, and their
relative contributions vary for different mutant DNA probes.
These mutational data, together with our other data and informa-
tion about conserved sequences in natural SpoIIID binding sites,
were used to derive AIRs (see Table S4 in the supplemental mate-
rial) for information-driven docking of SpoIIID to its idealized
binding site consensus sequence.

Structural modeling of the protein-DNA complex. Although
as mentioned above the intermolecular NOE-derived protons
from the DNA molecule could not be unambiguously identified,
the intermolecular NOEs involving residues of SpoIIID (Fig. 4A
and B; also see Table S1 in the supplemental material) combined
with our mutational data (Fig. 5 and Table 2) and conserved se-
quences in natural SpoIIID binding sites (3, 4, 9, 31) could be
translated into 31 AIRs (see Table S4) to facilitate modeling of the
protein-DNA complex (39) using the information-driven dock-
ing program HADDOCK (28–30). After rigid body docking,
semiflexible simulated annealing, and explicit water refinement,
200 models were clustered using a pairwise backbone RMSD of 4.5
Å as a cutoff. Importantly, this resulted in only one cluster, with an
average HADDOCK score of �717 � 115 kcal/mol. The finding
that all 200 models produce a single cluster using a 4.5-Å pairwise
RMSD cutoff indicates that the information in the 31 AIRs suffi-

ciently restrains the models to one orientation of SpoIIID with
respect to the DNA, and that the location of SpoIIID with respect
to the DNA (and the consensus sequence) is fairly well defined. In
all of the models, the DNA-interacting surface of SpoIIID is com-
posed primarily of residues from two regions: (i) the recognition
helix 	3, which inserts into the major groove of the DNA near the
consensus sequence, and (ii) helices 	4 and 	5, which interact
with the adjacent minor groove of the DNA. The latter interaction
of the unique C-terminal helical extension of SpoIIID with the
minor groove of DNA can explain how a monomer of SpoIIID
achieves high-affinity DNA binding, and the modeling provides
strong evidence for this novel mode of DNA binding by an HTH
protein. The models also reveal a third region in helix 	1 that
interacts with DNA, although less extensively.

An ensemble of the top 10 SpoIIID-DNA models of the cluster
is displayed in Fig. 6A, and it has a pairwise RMSD of 1.05 � 0.33
Å over all of the backbone atoms and an average HADDOCK score
of �933 � 27 kcal/mol (Table 3). Ramachandran plot analysis of
the top 10 models indicated that 93.4% of the protein residues are
in the most-favored regions. While the top 10 models are in excel-
lent agreement (i.e., the orientation and location of SpoIIID with
respect to the DNA is well defined), there remains uncertainty in
the details of the interaction surface between SpoIIID and DNA
(i.e., specific hydrogen bond and van der Waals interactions). Fig-
ure S6A in the supplemental material illustrates this point for
hydrogen bond interactions. Despite this uncertainty, it is worth
noting that in the majority of the top 10 models, as indicated by
the black, red, and blue lines in Fig. S6A, there are 16 instances of
an SpoIIID residue predicted to form at least one hydrogen bond
with a sugar (3 instances) or phosphate (13 instances) of the DNA

FIG 6 Models of the protein-DNA complex generated using HADDOCK. (A)
The ensemble of the top 10 models in stereo view. (B and C) The best model in
cartoon representation viewed from different angles.

TABLE 3 Structural statistics for the top 10 SpoIIID-DNA complex
models

Parameter Value for SpoIIID-DNA

Energy statistics
van der Waals energy (kcal/mol�1) �704.6 � 18.4
Electrostatic energy (kcal/mol�1) �5,402.0 � 97.9
Desolvation energy (kcal/mol�1) 21.4 � 2.9
AIR-energy (kcal/mol�1) 19.6 � 2.1
AIR-violations (Å) 1.1 � 0.3
AIR RMS (Å) 0.2 � 0.01

HADDOCK score (kcal/mol�1) �933.1 � 26.5

Structural statistics
Deviation from ideal geometry

Bond (Å) 0.0322 � 0.00005
Angle (°) 2.499 � 0.0016
Impropers (°) 0.378 � 0.0011

Average RMS difference backbone (Å)
Interface all 1.00 � 0.37
All 1.05 � 0.33
Interface protein 1.17 � 0.44
Interface DNA 0.88 � 0.25

Buried surface area (Å2) 2,234 � 94

Ramachandran plot (%)
Residues in most favored regions 93.4
Residues in additionally allowed regions 6.48
Residues in generously allowed regions 0.12
Residues in disallowed regions 0
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backbone and only 4 such interactions with a DNA base. Hence,
the models predict that SpoIIID forms many hydrogen bonds with
the sugar-phosphate backbone of DNA and fewer with the DNA
bases, consistent with the high affinity and moderate sequence
specificity of DNA binding observed for SpoIIID in previous stud-
ies (3, 4, 9, 31). Many residues in the positively charged groove
(His38, Lys57, His63, Arg70, Lys78, and Lys81) and one in the
positively charged patch (Arg8) on the front of SpoIIID (Fig. 4C)
are predicted to interact with a phosphate of the DNA backbone in
the majority of the top 10 models (see Fig. 6SA). In contrast, only
4 residues (Ser35, Lys39, Arg67, and His68) are predicted to inter-
act with a DNA base in the majority of the top 10 models, and one
of these (between His68 and C28) is to a base outside the consen-
sus sequence, so how SpoIIID achieves sequence-specific DNA
binding is not well predicted by the models.

The best SpoIIID-DNA model, i.e., the model with the lowest
HADDOCK score, is shown in Fig. 6B and C. Figure S6B in the
supplemental material illustrates the hydrogen bond interactions
between SpoIIID residues and DNA in the best model. Five resi-
dues are predicted to make more than one hydrogen bond with a
phosphate of the DNA backbone. In all, 12 residues of SpoIIID are
predicted to form 21 hydrogen bonds with a sugar (5 bonds) or
phosphate (16 bonds) of the DNA backbone, and 3 residues of
SpoIIID (Ser35, Thr36, and Lys39) in the recognition helix of the
HTH are predicted to form 5 hydrogen bonds with a DNA base of
the consensus sequence.

Taken together, our modeling provides strong evidence for a
novel mode of DNA binding by SpoIIID in which its unique C-
terminal extension interacts with the minor groove. This interac-
tion and that of the HTH recognition helix involves many hydro-
gen bonds to the sugar-phosphate backbone of DNA and far fewer
to DNA bases according to the top 10 models, providing a possible
explanation for the general DNA-binding characteristics of
SpoIIID (i.e., high-affinity binding as a monomer to sequences
matching a degenerate consensus, indicative of moderate se-
quence specificity). The models also provide possible explanations
for many of the observed effects of substitutions in SpoIIID on
transcription in vivo (15) and on binding to DNA in vitro (Table
2); however, the models do not explain all of the experimental
observations, and the models make some predictions that remain
to be tested (see Discussion).

DISCUSSION

The structure of DNA-bound SpoIIID revealed a new type of
HTH-containing protein with a novel C-terminal extension com-
prised of two helices connected by a kink. Intermolecular NOEs
and the effects of Ala substitutions in SpoIIID indicate that both
the HTH and the C-terminal extension interact with DNA. The
interaction of the unique C-terminal extension of SpoIIID with
DNA presumably explains how a monomer of this HTH protein
achieves high-affinity binding. Information-driven modeling of
the SpoIIID-DNA complex resulted in a single cluster of models in
which the recognition helix of the HTH interacts with the major
groove of DNA and the C-terminal extension interacts with the
adjacent minor groove. The modeling provides strong evidence
for a novel mode of DNA binding by SpoIIID.

The NMR solution structure of SpoIIID in complex with DNA
is well defined for residues 4 to 81 of SpoIIID. The C-terminal
residues 82 to 93 are disordered but are not needed for DNA
binding in vitro or for SpoIIID-dependent transcription in vivo

(15). The disordered region might have interfered with previous
efforts to crystallize SpoIIID in complex with DNA (P. Himes, J.
Geiger, and L. Kroos, unpublished data). This effort should be
revisited with truncated SpoIIID lacking the disordered region.
We tried to determine the structure of SpoIIID in the absence of
DNA, but SpoIIID was unstable in solution without DNA, making
it impossible to collect a set of NMR data suitable for structure
determination of the apo protein.

A new type of HTH-containing protein. SpoIIID represents a
new family of HTH domain-containing proteins due to its C-ter-
minal extension from residues 51 to 81, which features two helices
connected by a kink at residue 66. The novel C-terminal extension
of B. subtilis SpoIIID is likely conserved among SpoIIID orthologs,
which exhibit 39% identity and 79% similarity to residues 52 to 79
of the B. subtilis protein (see Fig. S7 in the supplemental material).
The orthologs are found only in endospore-forming bacteria, so
they likely play a similar role in governing gene expression critical
for sporulation, although this largely remains to be tested. Re-
cently, SpoIIID of C. difficile was shown to play an important role
in sporulation of this emergent pathogen, upregulating transcrip-
tion of sigK (40), as in B. subtilis (4, 5). Understanding how
SpoIIID binds to DNA and activates transcription of genes crucial
for sporulation could reveal potential targets for development of
sporulation inhibitors. Sporulation contributes to the environ-
mental persistence and transmission of pathogenic Bacilli and
Clostridia (41–43). Sporulation likely also contributes to persis-
tence in the host upon antibiotic treatment (44). Spores have been
shown to germinate and resporulate in the mouse gastrointestinal
tract (45, 46), so the ability to inhibit sporulation may increase the
efficacy of therapeutics (47, 48).

High-affinity DNA binding as a monomer. Our work pro-
vides new insight into how an SpoIIID monomer binds DNA with
high affinity. Previous work implicated the putative recognition
helix of the HTH and a C-terminal basic region in DNA binding
(15). Charge reversal substitutions in the putative recognition he-
lix of SpoIIID greatly impaired or eliminated DNA binding in
vitro, as did a C-terminal truncation ending at residue 75, but not
one ending at residue 81. To extend this analysis, we chose 5 res-
idues for which charge reversal substitutions had been tested
(Lys34, His38, Lys39, Glu43, and Arg44) and 4 basic residues in
the C-terminal region (Lys76, Lys78, Lys80, and Lys81) to test the
effects of single-Ala substitutions on DNA binding. Surprisingly,
none of the single-Ala substitutions impaired binding of SpoIIID
to DNA containing the idealized consensus sequence (Table 2,
probe 10). Apparently, loss of contacts due to single-Ala substitu-
tions did not impair binding to this sequence sufficiently to be
detected by EMSAs, whereas the charge reversal substitutions
studied previously had introduced unfavorable interactions (15).
Two mutations in the highly conserved ACA sequence of the con-
sensus reduced binding of wild-type SpoIIID about 10- to 30-fold
and greatly impaired or eliminated binding of the Ala-substituted
proteins (Table 2, probes 15 and 16, and Fig. 5). Other mutations
in the consensus sequence did not affect binding of wild-type
SpoIIID and impaired binding of only some Ala-substituted pro-
teins (Table 2, probes 17 and 18; also see Fig. S5 in the supplemen-
tal material). Of the sequences mutated, the highly conserved AC
sequence of the consensus is the most important for SpoIIID
binding, and of the residues in SpoIIID tested, all except Glu43 are
important for DNA binding, with Lys34, Lys39, Arg44, and Lys78
being the most important. These results extend previous work
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(15) by showing that Ala substitutions in the putative recognition
helix of the HTH or in the C-terminal basic region can impair
DNA binding, supporting the model that these two regions allow
a monomer of SpoIIID to bind DNA with high affinity. Further,
our results highlight the importance of the AC sequence that is
highly conserved in SpoIIID binding sites.

Our NMR data provide additional insight into how an SpoIIID
monomer binds DNA with high affinity. Analysis of intermolec-
ular NOEs revealed that amide protons of several SpoIIID residues
in the region spanning from Lys64 to Thr75 of the novel C-termi-
nal extension likely interact with DNA bases or riboses (Fig. 4A
and B; also see Table S1 in the supplemental material). Hence, the
C-terminal extension appears to interact with DNA extensively,
not just via the basic region from Lys76 to Lys81.

A novel mode of DNA binding. Using the structure of
DNA-bound SpoIIID and all of the available information about
the protein-DNA interaction, there were enough restraints for the
docking program HADDOCK to produce a single cluster of
SpoIIID-DNA complex models with a pairwise RMSD cutoff of
4.5 Å. The general agreement of all of the models provides strong
evidence for a novel mode of DNA binding in which the recogni-
tion helix of the HTH interacts with the major groove of DNA
near the consensus sequence and the C-terminal extension inter-
acts with the adjacent minor groove. The novel aspect of the pre-
dicted binding mode is the interaction of the C-terminal extension
with the minor groove of DNA. A sharp turn after recognition
helix 	3 is centered at Asn49 and allows helix 	4 to interact ex-
tensively with a sugar-phosphate backbone of the adjacent minor
groove (Fig. 6C). The kink at Ile66 between 	4 and 	5 allows 	5 to
make many additional predicted interactions, primarily with the
same sugar-phosphate backbone as 	4 but ultimately reaching
across the major groove to interact with the other backbone in the
vicinity of the HTH turn (i.e., the turn between 	2 and 	3) (Fig.
6B and C).

The predicted minor groove binding by SpoIIID helices 	4 and
	5 appears to be very different from that by homeodomain pro-
teins or winged-helix proteins that use arms or wings, respectively,
to make additional contacts with DNA (16, 17), and also quite
different from minor groove binding by the “hinge” helix of PurR
and other LacI family members. These dimeric or tetrameric pro-
teins recognize palindromic DNA sequences with HTH motifs
that contact major grooves and with symmetric hinge helices, each
containing a residue (Leu54 in PurR) that intercalates between
base pairs, kinks the DNA, and opens the minor groove for addi-
tional interactions with residues of the hinge helices, including
one base-specific hydrogen bond in some cases (Lys55 in PurR)
(49). Our models predict that SpoIIID 	4 and 	5 interact much
more extensively with an unkinked, unopened minor groove;
however, we cannot rule out the possibility that SpoIIID distorts
the DNA, as proposed previously based on DNase I hypersensitiv-
ity adjacent to some sites in DNA protected by SpoIIID in vitro in
footprinting experiments (3, 4, 9, 31).

Three observations suggest that the C-terminal basic region
from Lys76 to Lys81 in helix 	5 interacts flexibly with DNA. First,
from residue 76 to residue 81, this region becomes progressively
more flexible based on the backbone [1H]-15N heteronuclear
NOEs (Fig. 2B). Second, SpoIIID K76A produced two complexes
with slightly different mobilities than that produced by wild-type
SpoIIID (Fig. 5C), perhaps reflecting different interactions of the
basic region (lacking Lys76) with DNA. Third, K76A affected

binding to probe 18 more than did K80A or K81A, but the oppo-
site was observed for binding to probes 15 and 16 (Table 2), as if
changes in the basic region influence interactions elsewhere in the
SpoIIID-DNA complex. Perhaps analogously, the N-terminal
arm of homeodomain proteins can exhibit different modes of mi-
nor groove binding that influence how the recognition helix of the
HTH interacts in the major groove (50). Among SpoIIID or-
thologs, the C-terminal basic region (corresponding to residues 76
to 81 of B. subtilis) is conserved in Bacilli, so a flexible minor
groove interaction might be conserved, but in Clostridia and other
distant relatives, only the motif (K, R, Q)XKY (corresponding to
residues 76 to 79 of B. subtilis) is conserved (see Fig. S7 in the
supplemental material).

Predictions and explanations based on SpoIIID-DNA mod-
els and the SpoIIID structure. A more detailed analysis of the top
10 SpoIIID-DNA models indicated that despite excellent overall
agreement among the models (Table 3), there remains consider-
able uncertainty in the interaction surface between SpoIIID and
DNA at the level of predicted hydrogen bond (see Fig. S6A in the
supplemental material) or van der Waals interactions. This is due
in part to uncertainty in the position of side chains of surface
residues in the SpoIIID structure despite a well-defined backbone.
Nevertheless, focusing just on predicted hydrogen bond interac-
tions in the majority of the top 10 models implicates His2, Arg8,
Ser33, Thr36, His38, Thr42, Lys57, His63, Arg67, Arg70, Thr75,
Lys78, and Lys81 of SpoIIID in hydrogen bonding to the sugar-
phosphate backbone of DNA and Ser35, Lys39, Arg67, and His68
of SpoIIID in hydrogen bonding to bases of DNA (see Fig. S6A). In
the best model, Arg8, Ser33, Arg70, Lys78, and Lys81 are predicted
to make more than one hydrogen bond with a phosphate of the
DNA backbone (see Fig. S6B). The top models predict extensive
hydrogen bonding between SpoIIID and the sugar-phosphate
backbone of DNA and much less hydrogen bonding between
SpoIIID and bases of DNA. This may explain how SpoIIID
achieves high-affinity DNA binding (apparent Kd of �10 nM)
(15) (Table 2) but with moderate sequence specificity (i.e., its
binding site consensus sequence of WWRRACARNY is quite de-
generate). It may also explain the observation that SpoIIID binds
to the coding region of some genes (3, 4), including some it does
not regulate (3).

Our structure of SpoIIID and modeling of the SpoIIID-DNA
complex provide possible explanations for the effects of substitu-
tions in SpoIIID on transcription in vivo (15) and on binding to
DNA in vitro (Table 2). Substitutions in SpoIIID that reduced
expression of an SpoIIID-dependent reporter more than 3-fold
include H2E, R8E, V23K, R24E, I26E, V32E, S33R, K34E, S35E,
T36E, V37E, H38E, K39E, D40K, R44E, D51K, H63E, K64E,
H68E, K76E, K78E, and D82K (15). Many of these residues play
important roles in forming the structure of SpoIIID: Arg8 and
Asp40 form a salt bridge, Val23 and His63 side chains interact
(Fig. 2D shows hydrophobic contacts), Ile26 and Val37 side chains
help form the hydrophobic core, Val32 and Ala27 side chains in-
teract, and the Ser33, Ser35, and Thr36 hydroxyl groups form a
cluster. Some of these residues (Arg8, Ser33, Ser35, Thr36, and
His63) are also predicted to form a hydrogen bond with DNA by
the majority of the top 10 SpoIIID-DNA models, as are several
other residues of SpoIIID in which substitutions impaired re-
porter expression (His2, His38, Lys39, His68, and Lys78) (see Fig.
S6A in the supplemental material). Loss of hydrogen bond inter-
actions with DNA might also explain why Ala substitutions for
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His38, Lys39, or Lys78 in SpoIIID impaired binding in vitro to
DNA probes differing by 1 bp from the idealized consensus se-
quence (Table 2).

The top models of the SpoIIID-DNA complex make some pre-
dictions that remain to be tested. GUA20 is predicted to form a
hydrogen bond with Lys39 in the majority of the top 10 models
(see Fig. S6A in the supplemental material). A DNA probe differ-
ing by 1 bp from probe 10 at this position should be tested for
binding of wild-type and Ala-substituted forms of SpoIIID. Ser35
and Arg67 are predicted to form hydrogen bonds with ADE21 and
CYT4, respectively, in the majority of the top 10 models (see Fig.
S6A). S35A and R67A forms of SpoIIID should be purified, and
binding to probes 15 (with GUA replacing ADE21) and 18 (with
THY replacing CYT4), respectively, should be compared with
binding to other DNA probes. The finding that the mutation in
probe 18 had a greater effect on binding of Ala-substituted SpoII-
IDs than the mutation in probe 17 (Table 2) is consistent with the
prediction that Arg67 forms a hydrogen bond with CYT4, while
the THY5/ADE24 base pair (mutated to CYT5/GUA24 in probe
17; Fig. 5A) is not predicted to form a hydrogen bond with
SpoIIID (see Fig. S6A).

Transcriptional regulation by SpoIIID. SpoIIID up- or
downregulates transcription of more than 100 genes in the mother
cell during sporulation (3), but only 20 SpoIIID binding sites have
been mapped by DNase I footprinting (3, 4, 9, 31). Based on the
positions of the binding sites mapped so far, it appears that
SpoIIID represses transcription by interfering with binding of �E-
or �K-RNA polymerase or binding of the GerE activator protein.
SpoIIID likely activates transcription by contacting �E- and �K-
RNA polymerase (4). Asp51 and the C-terminal basic region of
SpoIIID have been proposed as potential contact points with �E-
and �K-RNA polymerase, since D51K and D82K substitutions
nearly eliminated expression of an SpoIIID-dependent reporter
(15). Asp51 is the first residue of helix 	4 and is predicted to be
highly exposed on the surface of SpoIIID bound to DNA (Fig. 4C),
so it remains a good candidate for contacting �E- and �K-RNA
polymerase. Asp82 is not a candidate for contacting �E- and �K-
RNA polymerase, since truncation of SpoIIID at Lys81 did not
prevent reporter expression; thus, it was speculated that the D82K
substitution prevents other residues in the C-terminal basic re-
gion from contacting �E- and �K-RNA polymerase (15). In light
of our findings that single-Ala substitutions for Lys76, Lys78,
Lys80, or Lys81 of SpoIIID impaired DNA binding in vitro (Table
2, probes 15 and 16) and our observations that suggest the C-ter-
minal basic region of SpoIIID interacts flexibly with DNA, it seems
more likely that the D82K substitution in SpoIIID perturbs the
interaction of its C-terminal basic region with DNA.

In terms of a target for development of sporulation inhibitors,
the interaction of the novel C-terminal extension of SpoIIID with
DNA currently looks most promising. SpoIIID orthologs not only
in Bacilli but also in Clostridia and other distant relatives exhibit
high similarity to B. subtilis SpoIIID residues 52 to 79 (see Fig. S7
in the supplemental material). In contrast, even if Asp51 of B.
subtilis SpoIIID does contact �E- and �K-RNA polymerase, the
interaction may not be broadly conserved, since Asp or Glu is not
typically found at the corresponding position of SpoIIID or-
thologs in Clostridia and other distant relatives, although SpoIIID
orthologs in Bacilli have Asp or Glu at the corresponding position
(see Fig. S7).
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