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Abstract

The presence of a divalent metal ion in a negatively charged aspartic acid pocket is essential for
phosphorylation of response regulator proteins. Here, we present metal binding studies of the Bacillus
subtilis response regulator Spo0F using NMR and lESI-MS. NMR studies show that the divalent metals
Ca2+, Mg2+ and Mn2+ primarily bind, as expected, in the Asp pocket phosphorylation site. However,
identical studies with Cu2+ show distinct binding effects in three specific locations: (i) the Asp pocket, (ii) a
grouping of charged residues at a site opposite of the Asp pocket, and (iii) on the b4-a4 loop and the b5/a5
interface, particularly around and including H101. lESI-MS studies stoichiometrically confirm the NMR
studies and demonstrate that most divalent metal ions bind to Spo0F primarily in a 1:1 ratio. Again, in the
case of Cu2+, multiple metal-bound species are observed. Subsequent experiments reveal that Mg2+

supports phosphotransfer between KinA and Spo0F, while Cu2+ fails to support KinA phosphotransfer.
Additionally, the presence of Cu2+ at non-lethal concentrations in sporulation media for B. subtilis and the
related organism Pasteuria penetrans was found to inhibit spore formation while continuing to permit
vegetative growth. Depending on the type of divalent metal ion present, in vitro phosphorylation of Spo0F
by its cognate kinase KinA can be inhibited.

Introduction

The transfer of a phosphoryl group from one
protein to another forms the basis of signal
propagation in many cellular regulatory pathways
(West & Stock 2001). In order to sense and adapt

to their environment, bacteria make use of a
ubiquitous signal transduction module known as
the ‘two-component system’. The role of a two-
component system is to transfer a phosphoryl
group from a sensor kinase to a response regulator
protein (Burbulys et al. 1991; Mizuno 1998). The
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initiation of sporulation in B. subtilis is controlled
by a specialized version of the two-component
system, the phosphorelay, which has been exten-
sively studied (Burbulys et al. 1991). In the phos-
phorelay, a phosphoryl group is first transferred
from one of five sensor kinases to the response
regulator Spo0F. Subsequently, Spo0F transfers
the phosphoryl group to the phosphotransferase
Spo0B, which finally delivers it to the response
regulator/transcription factor Spo0A. Phosphory-
lation of Spo0A enhances the activation and
repression of approximately 500 stationary phase
and sporulation genes (Fawcett et al. 2000).

Like all known response regulators, Spo0F
requires a divalent metal ion to be present in the
conserved aspartic acid pocket in order to
become phosphorylated (Grimshaw et al. 1998).
The presence of the cationic positive charge
ensures that the negative character of the pocket
is offset, thereby allowing the negative phosphate
moiety to approach and bind. Phosphorylation
of Spo0F has been shown to be magnesium
dependent (Zapf et al. 1996). Previous biochem-
ical and structural analyses of Spo0F have
identified regions affected by magnesium binding,
and regions of importance for protein–kinase,
protein–phosphatase and protein–phosphotrans-
ferase interactions (Feher et al. 1995, 1997, 1998;
Tzeng & Hoch 1997; Tzeng et al. 1998; Jiang
et al. 1999; Zapf et al. 2000). Feher et al.
observed that a single magnesium ion binds to
Spo0F in the Asp pocket, which also has been
demonstrated for other metals such as Ca2+ and
Mn2+ (Madhusudan et al. 1996; Mukhopadhyay
et al. 2004). Interestingly, at much higher con-
centrations, a second Mg2+ was seen to bind
very weakly and cause perturbations in the
vicinity of the b4-a4 loop (Feher et al. 1995).
Because of the concentration required to elicit
this structural perturbation, this site is extremely
unlikely to be populated by magnesium ions in
vivo. However, Feher et al. suggest that this
region may bind a different metal cation. More
recently, it has been suggested that metals other
than the commonly accepted Mg2+ may play a
role in the initiation of sporulation in B. subtilis
(Mukhopadhyay et al. 2004). In this study we
report a comprehensive analysis of the effects of
four divalent metals, Ca2+, Cu2+, Mg2+ and
Mn2+ on the structure and function of Spo0F
from B. subtilis using a complementary NMR

spectroscopy and microelectrospray ionization
mass spectrometry (lESI-MS) approach.

Materials and methods

Preparation of protein samples

Unlabeled and 15N labeled Spo0F samples were
expressed and purified as previously described
(Feher et al. 1995; Zapf et al. 1996; Tzeng & Hoch
1997). KinA (10 lM) was phosphorylated in EPPS
buffer (50 mM K-EPPS (4-(2-hydroxyethyl)-
1-piperazinepropanesulfonic acid pH 8.5, 500 lM
MgCl2, 100 lM EDTA and 5% (v/v) glycerol) in a
final volume of 1 ml. The reaction was initiated
by the addition of 100 lCi of [c-32P]ATP diluted
to a final concentration of 200 lM with unlabeled
ATP. The reaction proceeded at 25 �C for
20 min and unincorporated [c-32P]ATP and the
phosphorylation buffer (including Mg2+) were
removed by dialysis against 25 mM Tris–HCl
pH 8.0, 5% (v/v) glycerol in a Slide-a-lyzer cas-
sette (Pierce, 10,000 MWCO) at 4 �C. Dialysis was
continued with frequent buffer changes until
radioactive counts were no longer detectable in the
dialysis buffer. KinA�P was concentrated using
Microcon-30 columns and concentration deter-
mined using the Bio-Rad protein assay. The
removal of [c-32P]ATP from the sample was
confirmed using PEI Cellulose thin layer chroma-
tography with 0.75 M KH2PO4 pH 3.75 as the
solvent.

NMR 1H–15N HSQC metal titrations

15N labeled Spo0F samples used for NMR data
collection contained approximately 1 mM protein,
were approximately 99% pure, and were dialyzed
into a buffer of 25 mM Tris pH 6.9, 50 mM KCl,
and 0.02% NaN3. Metal titrations were performed
using chloride salts and monitored by means of
1H–15N HSQC experiments (Bax et al. 1990;
Cavanagh et al. 1996). NMR experiments were run
at 300 K on either a Bruker DRX 500 equipped
with 3 radiofrequency channels and a triple axis
pulsed field gradient triple resonance probe or on a
Varian Inova 600 spectrometer equipped with 4
radiofrequency channels and a single axis pulsed
field gradient triple resonance probe. Spectral
widths – DRX 500: 1H, 7000 Hz; 15N, 1343 Hz;
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Inova 600: 1H, 8000 Hz; 15N, 1900 Hz. The carrier
was placed on the water resonance in the 1H
dimension and at 118.5 ppm in the 15N dimension.
1024 · 128 complex points were recorded in the
1H dimension and 15N dimensions, respectively.
Prior to zero filling once during processing in each
dimension, the weighting functions (i) line broad-
ening of 3 Hz in the acquisition dimension and (ii)
a 60� degree shifted sine-bell in the indirect
dimension were performed. Data were referenced
to previously published chemical shifts for Spo0F
(Feher et al. 1997), processed with NMRPipe
(Delaglio et al. 1995) and analyzed with NMR-
View (Johnson & Blevins 1994).

Concentration ranges of metal ions during
the titrations were as follows: Ca2+ 0–151 mM;
Cu2+ 0–1.169 mM; Mg2+ 0–147 mM; Mn2+ 0–433
lM. Diamagnetic metal concentration ranges were
chosen to be similar to the protein:metal ratios from
a previous Mg2+ titration (Feher et al. 1995).
Titrations of diamagnetic metals were analyzed by
measuring changes in 1H–15N backbone chemical
shifts as a function of metal concentration using the
minimum chemical shift difference method (Farmer
et al. 1996):

Ddmin ¼ ½Ddð1HNÞ2 þ ð0:1� Dd15NÞ2�0:5

Titrations of paramagnetic metals were analyzed
by measuring 1H–15N chemical shift peak intensity
and line broadening as a function of metal
concentration and normalized based on the indi-
vidual intensities for each peak in base spectrum
with no metal. The following trends in chemi-
cal shift changes and line broadening were
considered when plotting titration trends onto the
structure of Spo0F: Mg2þ;Ddmin > 0:2 ppm;
Ca2+, Ddmin > 0:23 ppm; Mn2+ and Cu2+, resi-
dues that experience the most significant decreases
in slope and intensity as a function of metal con-
centration. The colors and symbols used in the
graphical plots are respective of sequence position,
with the exception of residues in the paramagnetic
titrations that display relatively little change in
intensity/line broadening, which are shown with
blue dotted lines. Distances of residues with ref-
erence to Asp pocket were measured between the
HN atom of the residue of interest and CG atom
of D11. Graphical analysis was performed using
MATLAB (The MathWorks, Inc, Natick, MA)
and structural images were prepared with PyMOL
(DeLano Scientific).

lESI-MS metal titrations

15N-labeled Spo0F (1.7 mg/ml) was exchanged
from a buffer of 10 mM KH2PO4, 50 mM KCl,
0.02% NaN3, pH 6.9 and into 20 mM NH4OAc
using ChromaSpinTM columns (Clontech Labora-
tories, Palo Alto, CA). Protein was diluted into a
20 ll to a final concentration of 6 lM. Protein,
metal, and buffer solutions were combined in 20 ll
solution volumes and incubated 10–15 min at room
temperature prior to direct infusion into the ESI
source. Metal acetate salts were prepared in H2O at
a concentration of 10 mM and titrated resulting in
final buffer solutions (pH 6.9) with metal concen-
trations of 0, 125, 250, 375, 500, or 1000 lM.
Protein:metal ratios used were (i) similar to ratios
used in this and previous Mg2+NMR titrations,
and (ii) above the previously reported 20±5 mM
Kd for Mg2+ of Spo0F (Feher et al. 1995).

Mass spectrometry analyses were performed on
a MAT 900 mass spectrometer (Finnigan-MAT,
Bremen, Germany) of electrostatic-magnetic (EB)
geometry. ESI measurements were performed in
positive mode. Protein solutions were introduced
into a modified Finnigan ESI source via a 50 mm
i.d. fused silica emitter using a 10-ml syringe and a
Harvard Apparatus Model 22 syringe pump
(South Natick, MA) at a flow rate of 0.2 ll/min.
SF6 was introduced through the auxiliary port at
1.6 l/min in order to prevent source corona
discharge and enhance the signal-to-noise ratio.
The ESI source voltage was 2.6 kV, with a capillary
temperature of 60 �C. The magnetic was scanned
from m/z 1000–6000 at a rate of 5 s/decade. A po-
sition and time resolved ion counter (PATRIC)
was used for ion detection. Multiple scans were
summed and analyzed using the Finnigan MAT
software (Bioworks 1.0). Multiply charged species
were transformed onto aMR scale using algorithms
supplied with the instrument data system.

Phosphotransfer from KinA�P to Spo0F

Phosphotransfer was carried out in 50 mM EPPS
pH 8.5, 5% (v/v) glycerol. KinA�P (1 lM) was
mixed with Spo0F (6 lM) that had been preincu-
bated with MgCl2 or CuCl2 at the concentrations
of 0, 200, 400 or 1000 lM. The phosphotransfer
reaction was allowed to proceed at 25 �C for
15 min. Reactions were stopped by the addition of
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0.2 volumes of 5 · SDS-PAGE sample buffer
(250 mM Tris–HCl pH 6.8, 10% (v/v) glycerol,
1% (w/v) SDS, 280 mM b-mercaptoethanol and
0.01% bromophenol blue) followed by flash
freezing in a dry ice/ethanol bath. Identical reac-
tions were carried out in the absence of Spo0F to
determine the stability of KinA�P in the presence
of the aforementioned cations. Radiolabeled KinA
�P and Spo0F�P were separated with 15% (w/v)
SDS-PAGE gels using the tricine buffer system.
The amount of KinA�P and Spo0F�P was
quantified by phosphor-imaging (Molecular
Dynamics Phosphorimager SF) and analyzed with
the associated software (ImageQuant, Amersham
Biosciences).

Sporulation experiments

B. subtilis (strain from American Type Culture
collection 23857) sporulation was induced by
plating 50 ll of Potato Extract Medium liquid
culture on solid Difco sporulation medium
(Schaeffer et al. 1965) at 32 �C without CuCl2 or
increasing amounts of CuCl2 as shown in Table 1.
Degree of cell growth and sporulation was de-
tected by visual inspection.

In vitro P. penetrans (Gainesville, Fl Isolate;
Pasteuria Biosciences) cultures were maintained in
an appropriate medium (Pasteuria Biosciences)
(Gerber et al. 2003), with or without
3.89 · 10)3 M CuSO4 at 30 �C (copper depen-
dence experiments), or with or without
3.89 · 10)3 M CuSO4, 1.11 · 10)3 M ZnSO4 and
3.22 · 10)3 M EDTA at 30 �C (varied composi-
tion experiments). The standard medium contains
3.89 · 10)3 M Cu2+, 1.11 · 10)3 M Zn2+ and
3.22 · 10)3 M EDTA. Images were taken with a

Zeiss Axiovert (inverted) light microscope at
320 · and spore count taken by visual inspection.
Cultures were approximately 14 days old.

Results

Metal binding to B. subtilis Spo0F studied by NMR

Metal ion binding to B. subtilis Spo0F was moni-
tored using 1H–15N HSQC NMR experiments
(Bax et al. 1990; Cavanagh et al. 1996). This
approach enables the site of metal ion binding to
be determined by monitoring changes in chemical
shift and/or line broadening of previously assigned
resonances in the protein spectrum during a titra-
tion. For diamagnetic metal binding (Mg2+ and
Ca2+), chemical shift changes and minor line
broadening effects due to conformational
exchange are predominantly used to monitor
structural perturbations caused by metal ion
binding. For the most part, large chemical shift
changes identify regions that are directly involved
in metal ion binding. In some cases there may be a
few effects for resonances distant from the binding
site due to global conformational alterations
associated with metal binding. However, our
knowledge of the structure of Spo0F in both its
unphosphorylated (Feher et al. 1995, 1997;
Madhusudan et al. 1997), metal-bound (Madh-
usudan et al. 1996; Mukhopadhyay et al. 2004)
and phosphorylated/BeF3-active (Gardino et al.
2003) states allows us to straightforwardly dis-
criminate between effects in the spectra due to di-
rect metal ion binding or as a result of
conformational changes removed from the binding
site. In addition, this approach allows us to iden-
tify multiple ions binding with different affinities.
A diamagnetic metal ion that binds with a high
affinity will elicit resonance movement, or pertur-
bation, at lower metal concentrations than for a
metal ion binding with lower affinity. With these
points in mind, we can unambiguously determine
the specific locations of diamagnetic metal ion
binding.

For paramagnetic metals (Cu2+ and Mn2+),
titrations were followed by carefully monitoring
peak intensity changes and line broadening.
Differential line broadening in the 1H–15N HSQC
spectra, due to relaxation processes involving an
unpaired electron from the metal ion, can be used

Table 1. Summary of the effect of copper on B. subtilis growth
and spore formation.

Experiment # Cu2+ added

(M)

Cell

growth

Spore

formation

0 0 Yes Yes

1 9.97 · 10)5 Yes No

2 5.01 · 10)4 Yes No

3 1.47 · 10)4 Little No

4 2.93 · 10)3 No N/A

5 9.97 · 10)3 No N/A

6 5.00 · 10)3 No N/A

7 1.00 · 10)1 No N/A
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to easily localize sites of paramagnetic ion binding.
It is well known that the linewidths of all peaks in
the 1H–15N HSQC spectrum broaden slightly to
some degree as the concentration of the para-
magnetic ion increases (Bertini & Luchinat 1998).
However, those residues that specifically and
locally interact with the metal ion will significantly
broaden and usually disappear at an earlier point
in the titration. Consequently, it is possible to
identify specific sites of metal ion interaction by
observing differential line broadening in the
1H–15N HSQC spectrum as the titration
progresses.

Figure 1 illustrates characteristic examples of
the changes discussed above seen in the 1H–15N
HSQC of B. subtilis Spo0F spectra as a conse-
quence of both diamagnetic and paramagnetic
metal titrations. Figure 1a, b shows an overlay of
1H–15N HSQC spectra during the full course of the
Mg2+ and Ca2+ titrations. Figure 1c, d and e, f
shows spectra of the Mn2+ and Cu2+ titrations at
the beginning and at a later point where residues
known to coordinate a divalent metal ion in the
Asp pocket display binding effects (Lukat et al.
1990; Feher et al. 1995; Madhusudan et al. 1996;
Mukhopadhyay et al. 2004). The residue high-
lighted in Figure 1 is D11, a divalent metal
coordinating residue found within the Asp pocket.
D11 should be affected as a result of metal titra-
tion since previous studies have shown that re-
sponse regulators, such as Spo0F, bind divalent
metals in the Asp pocket.

As expected and as previously shown (Feher
et al. 1995), titration of the divalent metal Mg2+

results in a significant chemical shift perturbation
for residue D11 (Figure 1a – green box). Other
residues shown in Figure 1a that are more distant
from the metal coordinate site in the Asp pocket,
such as V51 (approx. 18 Å) and L52 (approx.
14 Å), do not experience notable chemical shift
perturbations as a result of Mg2+ titration.
Titration of diamagnetic Ca2+ (Figure 1b –yellow
box) shows trends similar to the Mg2+ titration.

Figure 1. Changes observed in regions of 1H–15N HSQC spec-
tra of B. subtilis Spo0F as a consequence of metal titration.
Perturbations caused by titration of (a) Mg2+ and (b) Ca2+ and
paramagnetic-induced line broadening caused by (c, d) Mn2+

and (e, f) Cu2+. Residue D11 is boxed for emphasis (Mg2+

green; Ca2+ yellow; Mn2+ blue; Cu2+ red) and is discussed in
detail in the text.

c
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D11 experiences a notable chemical shift pertur-
bation, while other residues do not experience
notable changes, such as V51 and L52. Another
residue near the Asp pocket, I8 (approx. 13 Å),
shows a slightly higher perturbation in the Ca2+

titration compared to the Mg2+ titration although
the changes are minor in comparison to D11. This
may be a consequence of the higher binding
affinity of Ca2+ vs. Mg2+ for Spo0F and a pos-
sible deep pocket binding effect (Mukhopadhyay
et al. 2004). Titration of the paramagnetic metal
Mn2+ causes severe line broadening for the direct
metal binding residue D11 to the point where its
peak ‘disappears’ (Figure 1c, d –blue box), while a
residue near the metal coordinate site in the Asp
pocket, V9 (approx. 10 Å), shows only a moderate
line broadening as a result of metal titration. As in
the case of Mg2+ and Ca2+, residues that are
distant from the metal coordination site in Asp
pocket, such as V51 and L52, display only nominal
effects as a result of Mn2+ titration. Lastly, titra-
tion of Cu2+ also causes severe line broadening in
the case of D11 (Figure 1e, f – red box). However,
unlike the Mn2+ titration where V9 was moder-
ately affected, Cu2+ causes only minimal effects to
this residue, as well as to V51 and L52.

There are notable differences between the para-
magnetic-induced line broadening of Mn2+ and
Cu2+. These differences are apparent when com-
paring the concentration ranges that result in line
broadening effects, in the initial slopes of the
titration curves, as well as in the overall degree to
which metal-interacting atoms are affected. For
example, the peak corresponding to D11 disap-
pears at �10-fold less concentration of Mn2+

(Figure 1c, d) than for the same peak in the Cu2+

titration (Figure 1e, f). This differential broaden-
ing is not likely due to differences in affinity, but
rather an NMR phenomenon that is a result of the
different electronic correlation times, ss, for these
paramagnetic species (Bertini & Luchinat 1998).
Mn2+ and Cu2+ have ss values of 10)8 s and
10)9 s, respectively. The 10-fold differences in local
linewidth effects observed between the Mn2+ and
Cu2+ titration data can be attributed directly to
the factor of 10 difference in ss between these
moieties (Bertini & Luchinat 1998). It should be
noted that the experiments utilizing paramagnetic
ions could not be used to evaluate relative binding
affinities between different paramagnetic metals.
However, depending on the electronic correlation

time, slopes of resonance decay in a single para-
magnetic ion titration can be used to qualitatively
assess relative binding affinities when multiple ions
of the same species bind. As discussed below, this
is straightforward for Cu2+ binding, but more
difficult for Mn2+ binding.

The general procedure employed to locate the
sites of metal binding on B. subtilis Spo0F
involved analyzing the 1H–15N HSQC spectra
during the course of the titration and mapping
significant diamagnetic metal-induced chemical
shift perturbations or paramagnetic metal-induced
line broadening onto the previously solved struc-
ture of Spo0F (Madhusudan et al. 1997). Sum-
maries of the titrations involving diamagnetic
(Mg2+ and Ca2+) and paramagnetic (Mn2+ and
Cu2+) metals are found in Figures 2 and 4,
respectively, and include graphical and structural
plots of the most significantly affected residues, as
well as trends in the form of bar graphs for all
residues followed during the respective titrations.

Results from the Mg2+ titration of B. subtilis
Spo0F are shown in Figure 2a–c and primarily
reveal chemical shift perturbations concentrated
around the Asp pocket. Figure 2a shows titration
curves for residues most significantly affected
(Ddmin > 0:2 ppm) as a result of Mg2+ titration,
which were subsequently plotted onto the struc-
ture of B. subtilis Spo0F shown in Figure 2b.
Chemical shift differences between the beginning
and endpoints of the Mg2+ titration for all resi-
dues followed are shown in Figure 2c. D11, Y13
and M55 are residues that compose or are near the
Asp pocket (Figure 2b). Curves from these resi-
dues are consistent with the previously measured
equilibrium dissociation constant for Mg2+ bind-
ing, Kd=20 ± 5 mM (Feher et al. 1995). G36 and
M60 are found in mobile loop regions in close
proximity to the Asp pocket (Figure 2b). Titration
curves from these residues (G36 and M60)
are similar in shape to the aforementioned residues
(D11, Y13 and M55), all of which exhibit
the largest changes in chemical shift upon titration
of Mg2+. Residues E86, L87, Q91, E92, Y106
and E110 are located the b4-a4 loop and a4/b5/
a5 interface and surrounding loop regions
(Figure 2b). The titration curves for these residues
show an unsaturating effect that occurs at con-
centrations higher than the previously determined
Kd for Mg2+. The shapes of these titration curves
(Figure 2a) suggest a slightly more complex
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binding response, such as the binding of two metal
ions with different affinities. This second metal
interaction appears to occur at the residues previ-
ously noted in the a4/b5/a5 interface (E86, L87,
Q91, E92, Y106 and E110). These data corroborate
the results from our previous study of B. subtilis
Spo0F Mg2+-binding monitored by 1H–15N
HSQC, where similar metal ion-induced chemical
shift changes were observed in the b4-a4 loop and
a4/b5/a5 interface (Feher et al. 1995). Because of
the concentrations required to elicit the structural

change, the secondary binding site around the b4-
a4 loop and a4/b5/a5 interface is extremely un-
likely to be populated at in vivo concentrations of
Mg2+. Previously we suggested that this site may
bind a different metal cation (Feher et al. 1995).

Results from the Ca2+ titration of B. subtilis
Spo0F are shown in Figure 2d–f and reveal trends
comparable to those seen in the Mg2+ titration.
Figure 2d shows titration curves for residues
most significantly affected (Ddmin > 0:23 ppm) as a
result of Ca2+ titration, which were subsequently

( ) g ( ) g g p

Figure 2. Locations of diamagnetic metal-induced perturbations to B. subtilis Spo0F followed using 1H–15N HSQC NMR. Results for
the (a–c) Mg2+ and (d–f) Ca2+ titrations are as follows. Graphical representations of largest chemical shift perturbations for (a) Mg2+

and (d) Ca2+. Residues perturbed by (b) Mg2+ and (e) Ca2+ binding and corresponding to those shown in the graphical represen-
tations plotted on the ribbon structure of Spo0F (PDB: 1NAT). Minimum chemical shift differences values for all residues followed in
the (c) Mg2+ and (f) Ca2+ titrations calculated between the beginning and endpoints.
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plotted onto the structure of B. subtilis Spo0F
shown in Figure 2e. Chemical shift differences
between the beginning and endpoints of the Ca2+

titration for all residues followed are shown in
Figure 2f. D11, Y13, D54 and T82, are residues
that compose or are near the Asp pocket (Fig-
ure 2e). The Ca2+ titration curve for D11, a resi-
due in the Asp pocket, corroborates previous
studies that demonstrate Spo0F has a higher
affinity for Ca2+ compared to Mg2+, 2.5 mM vs.
20 mM, respectively (Mukhopadhyay et al. 2004).
The Ca2+ D11 curve is notably steeper than the
curve for the Mg2+ D11 curve and reaches satu-
ration faster (Figure 3). R16, G36, G59, M60 are
residues found in loop regions or helices close to
the Asp pocket (Figure 2e). Titration curves from
these residues (R16, G36, G59, M60) are similar to
the aforementioned residues (D11, Y13, D54 and
T82), all of which exhibit the largest changes in
chemical shift upon titration of Ca2+. Further-
more, curves from these residues are consistent
with the previously measured equilibrium dissoci-
ation constant of 3.5 mM for Ca2+ (Mukhopad-
hyay et al. 2004). Residues L19, E86, L87, E92 and
Y106 are located the b4-a4 loop and a4/b5/a5

interface and surrounding loop regions, with the
exception of L19 that is found on a1 (Figure 2e).
Similar to the Mg2+ titration, the titration curves
for these residues suggest a slightly more complex
metal binding response, such as the binding of two
metal ions with different affinities.

Results from the paramagnetic Mn2+ titration
of B. subtilis Spo0F are shown in Figure 4a–c and
reveal characteristics similar to those seen for the
diamagnetic metals Mg2+ and Ca2+. Figure 4a
shows titration curves for residues most signifi-
cantly affected in terms of slope of decay of peak
intensity (see{2 of the Results section for details)
as a result of Mn2+ titration, which were subse-
quently plotted onto the structure of B. subtilis
Spo0F shown in Figure 4b. Figure 4c shows the
average slope of the intensity curves for all resi-
dues between the beginning titration point (0 lM)
and the 2, 7 and 27 lM Mn2+ titration points.
Paramagnetic-induced line broadening effects are
evident for residues in proximity to the Asp pocket.
The most significant line broadening effects arise
from residues in or near the Asp pocket
(Figure 4a–c). At �27 lM Mn2+ the peaks from
the following residues have significantly dropped

Figure 3. Minimum chemical shift difference titration curves for D11. The titration curves for D11 as a result of Mg2+ (circles) or
Ca2+ (squares) titration is consistent with previous studies detailing the higher affinity of Ca2+ for Spo0F compared to Mg2+.
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in intensity and show the largest decrease in peak
intensity: D10-Y13, D54, K56, I57, M60, G62,
T82 and A83 (Figure 4a, c). In addition, the peak
intensity of D109 on a5 interface drops quickly.
This again alludes to a secondary binding event in
the b4-a4 loop and a4/b5/a5 interface region sim-
ilar to that seen for Mg2+ and Ca2+. As noted
above ({2 of the Results section), the electronic
correlation time for Mn2+ is relatively long
(10)8 s). This means that titration curves for many
residues are quite steep initially as the
paramagnetic effect of the unpaired electron is felt

across much of the protein. Thus, it is more diffi-
cult to assess the relative affinities of Mn2+ bind-
ing sites. Consequently, based on the NMR data,
we cannot definitively say that the second Mn2+

binding event in the b4-a4 loop and a4/b5/a5
interface is weaker than the Mn2+ binding in the
Asp pocket. A recent crystallographic study of
B. subtilis Spo0F in the presence of Mn2+ revealed
a single metal ion bound in the Asp pocket (Mu-
khopadhyay et al. 2004), suggesting that the Mn2+

binding event in the Asp pocket is preferential to
interaction with the b4-a4 loop and a4/b5/a5

Figure 4. Locations of paramagnetic metal-induced line broadening to B. subtilis Spo0F followed using 1H–15N HSQC NMR. Results
for the (a–c) Mn2+ and (d–f) Cu2+ titrations are as follows. Graphical representations of residues most significantly affected as a result
of paramagnetic-induced line broadening for (a) Mn2+ and (d) Cu2+. Residues affected by (b) Mn2+ and (e) Cu2+ binding and
corresponding to those shown in the graphical representations plotted on the ribbon structure of Spo0F (PDB: 1NAT). Normalized
average slope (see Materials and methods) values for all residues followed in the (c) Mn2+ and (f) Cu2+ titrations calculated between
the beginning and endpoints. Residues not observable on the ribbon structure are marked with an asterisk (*).
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interface region. As a note, addition of paramag-
netic metal ions, such as Mn2+, did not cause line
broadening of all surface exposed residues. Residues
distant from the Asp pocket, e.g. F23 (approx.
19 Å), F31 (approx. 16 Å) and notably H101 (ap-
prox. 21 Å), show relatively little change in intensity
during the initial points of the titration that affected
residues in the Asp pocket (Figure 4c; curves shown
in blue with dotted lines). This indicates the effects
seen as a result of Mn2+ titrations are not a conse-
quence of non-specific binding. Thus far, the results
imply that at non-physiological concentrations of
metal, Spo0F may have an additional metal binding
site at the b4-a4 loop and a4/b5/a5 interface.

Results from the Cu2+ titration of B. subtilis
Spo0F are shown in Figure 4d–f and exhibit a
titration profile different than that of the other
metals ions studied. Figure 4d shows titration
curves for residues most significantly affected in
terms of slope of decay of peak intensity (see{2 of
the Results section for details) as a result of Cu2+

titration, which were subsequently plotted onto
the structure of B. subtilis Spo0F shown in Fig-
ure 4e. Figure 4f shows the average slope of the
intensity curves for all residues between the
beginning titration point (0 lM) and the 56, 93,
130 and 166 lM Cu2+ titration points. At
�233 lM Cu2+, residues on three surface regions
have significantly dropped in intensity and include
(i) the Asp pocket (D11, D54, I57, D61), (ii) a
grouping of charged residues (E4, K5, D49), and
(iii) the b5/a5 interface, particularly around and
including H101 (Figure 4e, f).

As in the previous Ca2+, Mg2+ and Mn2+

titrations, residues in or near the Asp pocket
experience paramagnetic-induced line broadening
effect as a result of Cu2+ titration. However, the
Cu2+ titration data differs from the other studies
as two additional surface regions on B. subtilis
Spo0F are affected at approximately the same
titration point as the Asp pocket. The grouping of
charged residues (E4, K5, D49) showing a signifi-
cant decrease in peak intensity (Figure 4d) is
located opposite the Asp pocket (Figure 4e). Other
residues, including L50, I76 and R77, which are
structurally close to E4, K5 and D49 also exhibit a
moderate decrease in intensity (Figure 4f). The
third site of interaction is again in the b5/a5
interface, but in this case particularly centered
around H101 (Figure 4e). H101 displays a
substantial reduction in peak intensity, while

residues including T100 and others on a5 display
moderate effects as well (Figure 4f). Similar to the
Mn2+ titration, some residues, including I15, Q32
and I65, display relatively little change in intensity
during the titration (Figure 4f), indicating the
effects seen as a result of titration of Cu2+ are not
a consequence of non-specific binding.

Metal binding to B. subtilis Spo0F studied by
lESI-MS

lESI-MS (Loo 1997; Cavanagh et al. 2003) was
used to verify the Spo0F-metal ion binding trends
observed in the 1H–15N HSQC NMR experiments.
Shown in Figure 5 are the lESI-MS results of
concentration-based experiments of four divalent
metals studied: Mg2+, Ca2+, Mn2+ and Cu2+ at
metal concentrations of 0, 125, 250 and 375 lM.
The monovalent K+ and trivalent Mn3+ metals
were found to not specifically bind to Spo0F to
any significant degree (data not shown). This result
was not surprising since response regulators are
known to specifically bind divalent metals in the
Asp pocket.

The divalent ions Ca2+, Mg2+ and Mn2+ bind
to Spo0F in what might be considered a conven-
tional binding mode, where Spo0F preferentially
binds a single metal ion. The profile for the Mg2+

titration (Figure 5a–d) shows that apo-Spo0F is
favored, or possesses the largest relative abun-
dance. Metal-bound peaks in the Mg2+ titration
are not well resolved, at least compared to the
other metals studied, and is likely due the rela-
tively low molecular weight of magnesium com-
pared to the other metals studied. In any case, a
1Mg2+-Spo0F complex peak begins to appear
around the 125 lM titration point (Figure 5b) and
becomes somewhat more intense in abundance as
the Mg2+ concentration is increased. A weak
2Mg2+-Spo0F complex is slightly observable at
the 375 lM titration point (Figure 5d). Addition-
ally, a subset of low abundance peaks corre-
sponding to 14N-labeled Spo0F is observed due to
inefficient 15N labeling (see legend of Figure 5).

Figure 5. Spo0F–metal complexes analyzed using lESI-MS.
Metal concentration-based titrations of Spo0F (6 lM) in the
presence of increasing concentrations of (a–d) Mg2+, (e–h)
Ca2+, (i–l) Mn2+ and (m–p) Cu2+. The majority of protein
complexes observed are from 15N-Spo0F, while low relative ion
abundance peaks are observed for 14N-Spo0F (marked with *).

c

458



459



The profile for the Ca2+ titration (Figure 5e–h)
shows the 1Ca2+-Spo0F complex increasing in
abundance and to nearly the same intensity as that
of the apo-Spo0F complex by the 375 lM titration
point (Figure 5h). A two-bound complex becomes
observable between the 250 and 375 lM titration
points (Figure 5g, h). The profile for the Mn2+

titration (Figure 5i–l) shows that apo-Spo0F is
favored, with a 1Mn2+-Spo0F complex increasing
to approximately 60% relative abundance. By the
375 lM titration point, a weakly detectable
2Mn2+-Spo0F complex appears (Figure 5l). At
concentrations higher than 375 lM, the 1M2+-
Spo0F complex in each of the three aforemen-
tioned titrations increases towards 100% relative
abundance, while the 2M2+-Spo0F complex
slightly increases as well (data not shown). Overall,
these data suggest that, in terms of stoichiometry,
Mg2+, Ca2+ and Mn2+ bind similarly to Spo0F.

In contrast to the results observed for the pre-
vious divalent metals, Cu2+ reveals a different
binding profile. The profile for the Cu2+ titration
(Figure 5m–p) shows a 1Cu2+-Spo0F complex
increasing in relative abundance. Unlike the other
titrations, where the apo-Spo0F peak is the most
intense metal-bound complex between the 250 and
375 lM titration points, the metal-bound com-

plexes in the Cu2+ titration have a higher relative
abundance (Figure 5p). By the 375 lM titration
point, the relative abundance of the 2Cu2+-Spo0F
becomes the most intense complex observed.
Additionally, a slightly observable 3Cu2+-Spo0F
complex appears at the 375 lM titration point. At
concentrations higher than 375 lM, the relative
abundance of the 3Cu2+-Spo0F complex increases,
eventually surpassing the relative abundance for the
2Cu2+-Spo0F complex (data not shown).

Effect of Mg2+ and Cu2+ on phosphotransfer
between KinA�P and Spo0F in B. subtilis

To investigate functional consequences of metal
binding to Spo0F, with respect to the interaction
with its cognate kinase KinA, we examined the
effect of two metals with very different binding
profiles. The phosphotransfer efficiency between
KinA�P and Spo0F in the presence of Mg2+ or
Cu2+ was investigated (Figure 6). Figure 6a
shows that the addition of Mg2+ promotes trans-
fer of the phosphoryl group from KinA�P to
Spo0F. The amount of Spo0F�P is seen to
increase as a function of decreasing KinA�P,
which is consistent with previous studies (Zapf
et al. 1996). There is a negligible drop in Spo0F�P

( g y g ), (p y g )

Figure 6. Metal dependence on phosphotransfer between KinA�P and Spo0F and stability of KinA�P in B. subtilis. (a, b) Phos-
photransfer reactions were performed in the presence of increasing concentrations of (a) Mg2+ and (b) Cu2+. The presence of Cu2+

fails to support phosphotransfer between KinA�P (circles; filled and unfilled) and Spo0F (triangles; filled and unfilled). (c) KinA�P is
stable in the presence of Mg2+ (filled squares) and Cu2+ (unfilled squares).
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at higher Mg2+, which is likely a result of ineffi-
ciency in phosphotransfer, as well as an inherent
autophosphatase activity that is present in
response regulators (Zapf et al. 1998). Figure 6b
shows that the addition of Cu2+ fails to support
this phosphotransfer event between KinA�P and
Spo0F. KinA�P is stable in the presence of both
Mg2+ and Cu2+ (Figure 6c), suggesting the lack
of Spo0F�P produced is likely a consequence of
metal binding to Spo0F rather than a metal-
dependent dephosphorylation of KinA�P.

Effect of copper on spore formation in B. subtilis
and P. penetrans

To qualitatively investigate any consequences of
copper on B. subtilis spore formation, we cultured
B. subtilis on sporulation media containing
increasing amounts of Cu2+ and compared the
spore formation to a plate containing no Cu2+

(Table 1). In the absence of Cu2+, B. subtilis cells
grew vegetatively and were able to form spores
(experiment 0). At low, non-lethal concentrations
of Cu2+, spore formation appeared to be inhibited
while allowing for vegetative growth (experiments
1 and 2). Higher concentrations of Cu2+ had a
negative effect on cell growth and subsequently did
not allow for vegetative growth and could not
produce spores (experiments 3–7).

Recent genetic and phylogenetic analyses of the
Gram-positive endospore-producing bacterium
P. penetrans revealed significant homology with
members of the Bacillus spp. Preliminary analysis
of the partial P. penetrans genome has identified
homologues to many of the B. subtilis sporulation
genes (Bird et al. 2003), including the genes
encoding the following proteins: KinA-E, Spo0A,
Spo0B and Spo0F (Opperman, C., unpublished
results). A sequence comparison of Spo0F from B.
subtilis and P. penetrans shows them to be 84%
similar (Figure 7a), with both possessing the his-
tidine on b5, H101 with respect to B. subtilis
Spo0F (Figure 7b, c).

To extend our B. subtilis studies, we performed
a P. penetrans sporulation assay in the presence
and absence of Cu2+ in the growth medium. The
results of these studies are shown in Figure 8.
When Cu2+ is present at 3.89 mM (Figure 8a),
endospore formation is slight with the majority of
cells present as vegetative rods (inset of Figure 8a).
When Cu2+ is absent (Figure 8b), an abundance

of sporulating cells are visible (inset of Figure 8b)
with almost no vegetative cells present. The small
white and grey circles, which are particularly
noticeable in the experiments in the presence of
Cu2+ in Figure 8a, are particle in the medium.
Overall, we observed approximately a 100-fold
decrease in endospore formation in the presence of
Cu2+. We also studied the effects of varying the
composition of the P. penetrans growth and
sporulation media (Table 2). We observed that
removal of the Cu2+ and EDTA, normally found
in the standard growth medium of P. penetrans,
has a positive effect on cell growth and spore
formation. Removal of another metal normally
found in the media, Zn2+, had no effect on cell
growth or spore formation.

Discussion

The complementary NMR and lESI-MS studies
presented here show that Mg2+, Ca2+ and Mn2+,
all show similar binding profiles where the domi-
nant binding event involves a single metal ion. The
1H–15N HSQC NMR titration data for these
metals shows that metal ion binding occurs in the
Asp pocket, a region of Spo0F that is well known
to be affected by metal binding (Feher et al. 1995).
At higher concentrations, a secondary binding
event is also observed near the b4-a4 loop and a4/
b5/a5 interface. This binding appears to be specific
in nature, since the binding effects monitored by
1H–15N HSQC NMR (Figures 2c, f and 4c, f) do
not affect all negatively charged surface patches.
For these metals, the lESI-MS studies support the
NMR studies in terms of binding stoichiometries,
showing a 1M2+-Spo0F complex as the predomi-
nant form and a weakly detectable 2M2+-Spo0F
complex observed at much higher metal ion con-
centrations. Furthermore, experiments show that
in the presence of Mg2+, phosphotransfer between
KinA�P and Spo0F is facilitated. In contrast, the
1H–15N HSQC NMR titration of Cu2+ identified
three sites of ion binding on Spo0F. This is cor-
roborated by the lESI-MS binding data that
shows Spo0F binds up to three ions of Cu2+.
Experiments show that the presence of Cu2+ fails
to support phosphotransfer between KinA�P and
Spo0F. Additional qualitative observations show
that, under conditions of non-physiological
amounts of Cu2+, B. subtilis and P. penetrans
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Figure 8. Cu2+ dependence of P. penetrans endospore formation. Cultures were grown in the (a) presence (3.89 mM) and (b) absence
of Cu2+. (a) P. penetrans in the presence of Cu2+ shows mainly vegetative rods (square; see inset), but other structures such as a
microcolony (circle) and a thallose structure (oval), which are capable of producing endospores, are present as well. (b) P. penetrans in
the absence of Cu2+ shows an abundance of sporulating cells (from thalli; see inset), especially concentrated in the lower left quadrant.
The small white and gray circles present, particularly noticeable in (a), are particle in the medium.

Figure 7. Sequence alignment and surface similarity of Spo0F proteins. (a) Sequences from Bacillus subtilis (SP0F_BACSU), Bacillus
anthracis (SP0F_BACAN), Bacillus thuringiensis (SP0F_BACTK), Bacillus halodurans (SP0F_BACHA) and Pasteuria penetrans
(SP0F_PASTU) aligned with secondary structure outlined with reference to Spo0F (PDB: 1NAT). Residues are highlighted as
identical/conserved (black box) and similar/conserved (white box). (b, c) Structures models of Spo0F from (b) B. subtilis (PDB: 1NAT)
and (c) P. penetrans (homology model). Residues comprising the a4/b5/a5 surface are highlighted as follows: yellow (histidine), red
(negatively charged), blue (positively charged).
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spore formation was not supported. As far as we
are aware, other than a study of DivK that re-
vealed a binding site 30 Å from the Asp pocket for
PtCl4

2), a component of the crystallization buffer
(Gouet et al. 1999), our study is unique in the
description of a multiple metal binding event for a
response regulator.

The slight differences observed in the Cu2+

titration profiles (Figure 4d) between residues in
the Asp pocket and H101 can be explained by the
previously solved structures of B. subtilis Spo0F in
its apo, M2+-bound and BeF3-activated forms.
These previous studies show that H101 in the apo
form of B. subtilis Spo0F adopts a buried con-
formation (Feher et al. 1995). In the case of M2+ -
bound crystal structures, where a single M2+ is
bound in the Asp pocket, H101 undergoes a con-
formational change and adopts a more solvent
exposed orientation (Madhusudan et al. 1996;
Mukhopadhyay et al. 2004). Furthermore, the
BeF3-activated NMR structure of Spo0F also
shows H101 to be solvent exposed (Gardino et al.
2003). An illustration of the relative position of
H101 in the three aforementioned structural states
is shown in Figure 9. In order for a Cu2+ sto bind
to Spo0F efficiently at H101, a metal ion must first
bind in the Asp pocket to elicit a conformational
change, resulting in the repositioning of H101
from a buried to a solvent exposed configuration.
With respect to our metal binding data, a two-step
process can be envisioned where (i) a Cu2+ binds
first in the Asp pocket forcing H101 more into
solution where then (ii) the imidazole ring of H101
is now solvent exposed and can bind the second
Cu2+. Without the conformational change at
H101 induced by the first Cu2+ binding in the Asp
pocket, the subsequent Cu2+ binding event at
H101 could not occur. Titration curves for resi-
dues such as D11 and I57, which compose or are in
close proximity to the Asp pocket, display Cu2+-
induced line broadening effects (larger slopes of
decay of peak intensity) slightly before the titration

curve of H101 (Figure 4d). In terms of the average
slope intensity differences (Figure 4f), residues in
or near the Asp pocket, display larger slopes of
decay of peak intensity when compared to H101 or
residues on a5. Cu2+ binding to exposed H101 in
Spo0F is not surprising since Cu2+ binding to
single or multiple solvent exposed histidine resi-
dues is often exploited during protein purification
processes (Sulkowski 1985). It is, therefore, rea-
sonable that the combination of a solvent exposed
histidine, such as H101, surrounded by a signifi-
cant number of negatively charged residues in the
a4/b5/a5 region of Spo0F (in both B. subtilis and
P. penetrans; Figure 7) provides an attractive site
for Cu2+ binding. It is also likely, based on our
experiments and previous mutagenesis and struc-
tural work, that such an interaction would have an
effect on Spo0F function (Feher et al. 1995, 1997,
1998; Tzeng & Hoch 1997; Tzeng et al. 1998; Feher
& Cavanagh 1999; Jiang et al. 1999).

Recent studies have suggested that metal ions
other thanMg2+mayplay a role in the regulation of
response regulator action, including the initiation of
sporulation phosphorelay in B. subtilis (Tzeng et al.
1998; Mukhopadhyay et al. 2004). Mg2+ is com-
monly regarded to as the metal ion of choice for
response regulator function. However, a study of
Spo0F�P dephosphorylation by the RapB phos-
phatase revealed there is likely a preference for a
specific metal to perform this function, in this case
favoring Mn2+ over Mg2+ (Tzeng et al. 1998). A
crystallographic study of Mn2+-bound Spo0F al-
luded to the possibility of different metals contrib-
uting to the control of the complex circuitry of
sporulation by affecting phosphotransfer between
Spo0F�P and the phosphotransferase Spo0B
(Mukhopadhyay et al. 2004). Additionally, a study
of the E. coli chemotaxis response regulator CheY
revealed that Ca2+provided somewhat unfavorable
conditions for phosphotransfer and dephosphory-
lation, whereas all other metal ions studied
facilitated these reactions (Lukat et al. 1990). Our

Table 2. Summary of the effect of copper on P. penetrans growth and spore formation.

Experiment Cell growth Spore formation

Standard medium Little Poor

Without 3.89 · 10)3 M Cu2+ and 3.22 · 10)3 M EDTA Yes Yes

Without 1.11 · 10)3 M Zn2+ and 3.22 · 10)3 M EDTA Little Poor

Without 3.89 · 10)3 M Cu2+, 1.11 · 10)3 M Zn2+ and 3.22 · 10)3 M EDTA Yes Yes
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studies suggest that Cu2+ could be utilized in the in
vitro regulation of the sporulation phosphorelay.

NMR studies show that Cu2+ not only in binds
the Asp pocket but at two other surface locations,
one of which includes the highly charged a4/b5/a5
surface that contains H101 (Figure 7b). There is
precedent for effecting response regulator function
by means of ligand binding to the a4/b5/a5 surface
of another response regulator, CheY. A drug
binding study of CheY identified an inhibitor of the
phosphorylation reaction, which was observed by
NMR to bind and cause perturbations at the a4/b5/
a5 interface in CheY, a hydrophobic surface that
includes the signal residueY106, which is equivalent
to H101 in Spo0F. The binding of this inhibitor is
proposed to impact residues important for protein–
protein interactions, including interactions between
the kinase and response regulator (Hubbard et al.
2003). This hydrophobic surface on CheY is the
same surface we observe metal binding effects in the
Spo0F studies described here. Moreover, the sur-
face regionswhere these binding effects are observed
correlate to the previous mutational studies of B.
subtilis Spo0F. Mutation of residues in the b4-a4
loop to alanine decrease the Vmax parameter in
kinetic studies betweenKinA�P and Spo0F (Tzeng
& Hoch 1997). Overall, the mutational data in
conjunction with our NMR titrations suggests the
topology of the b4-a4 loop may play an important

role in kinase–Spo0F interactions and perhaps
kinase–response regulator interactions in general.

In support of our work, previous studies have
detailed the effects of copper on bacterial vege-
tative growth and sporulation. Early studies re-
ported a requirement, albeit at quite low
concentrations, of copper for the sporulation of
B. megateriium and B. cereus (Kolodziej & Sle-
pecky 1962, 1964; Krueger & Kolodziej 1976). In
a study of B. megaterium, copper uptake was
shown to increase somewhat steadily as the
sporulation process progressed (Krueger & Ko-
lodziej 1976). This uptake pattern is markedly
different from the profiles of other metals
(Krueger & Kolodziej 1978). Additional studies
have also reported a higher content of copper in
Bacillus spores when compared to vegetative cells
(Curran et al. 1943). The observation of in-
creased copper uptake during the progression of
sporulation is perhaps not surprising since cop-
per is bound by CotA, an abundant protein of
the outer spore coat (Enguita et al. 2003). It has
also been noted that concentrations of heavy
metal ions needed to prevent bacterial growth
are usually much lower than those needed to kill
bacteria (Kushner 1971). These experiments
detailing the copper requirement and uptake
patterns during sporulation imply that there are
three biochemically important ranges of copper:
(i) low concentrations that permit vegetative
growth and sporulation, (ii) higher concentra-
tions that inhibit vegetative growth without kill-
ing the bacterium, and (iii) even higher
concentrations that are lethal as a result of
copper toxicity. Our current study suggests there
likely exists an additional range, between (i) and
(ii), where copper concentrations are such that
vegetative growth is allowed yet spore formation
is inhibited. Perhaps this is the result of copper
interfering with the phosphorelay leading to the
initiation of sporulation (Kolodziej & Slepecky
1962; Krueger & Kolodziej 1976). Interestingly,
recent studies have shown that Bacillus spp.
could be useful in the biosorption of Cu2+, with
implications of use as a potential biosorbent for
copper removal (Lo et al. 2003).

It appears that P. penetrans, a closely related
organism to the Bacillus spp., may also be influ-
enced by the presence of Cu2+. Because P. pene-
trans spores are an obligate parasite of root-knot
nematodes, which are one of the ten most

Figure 9. Spo0F structures detail the position of H101 with
respect to its active state. Ribbon diagrams of B. subtilis Spo0F
in the apo (red; PDB: 1FSP), Mn2+-bound (green; PDB: 1PEY)
and BeF3-activated (blue; PDB: 1PUX) states. The side chain
of H101 is displayed as sticks in the structures to show the
transition from a buried to solvent exposed orientation as
Spo0F binds metal and becomes activated.
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destructive pathogens of food crops (Sasser &
Freckman 1987), it has been the aim of many re-
searchers to produce mass quantities of P. pene-
trans spores for use as a safe biocontrol agent.
Despite the considerable advantages, the ability to
mass produce P. penetrans spores, the most effi-
cient means of distribution, from an efficient in
vitro culturing system has proven elusive and has
severely hindered efforts to develop this system for
nematode biocontrol. However, our present study
and others indicate that removal of copper from
the commercially developed Pasteuria growth/
sporulation media provides improved culture
conditions for spore formation (Hewlett et al.
2002; Gerber et al. 2003). These studies previously
described suggest that copper could prove useful
as a in vitro biochemical control in regulating
spore formation in other systems, including human
pathogenic bacteria such as B. anthracis (anthrax)
and B. cereus (food poisoning).

Conclusions

In summary, comprehensive NMR and lESI-MS
studies were performed to investigate the differ-
ential binding traits of a variety of divalent metal
ions with the sporulation inducing response regu-
lator Spo0F. These studies were combined with a
series of metal-based biochemical and sporulation
experiments to relate the biophysical data with
potential function. Our investigations show that
Mg2+, and suggest that metals such as Ca2+ and
Mn2+, which display primarily 1:1 binding pro-
files, provide favorable conditions for phospho-
transfer from KinA�P to Spo0F. Conversely,
Cu2+ was observed to bind to three distinct sur-
face locations and did not facilitate phospho-
transfer between KinA�P and Spo0F.

These studies strongly suggest that the seem-
ingly unique binding properties of Cu2+ to
B. subtilis Spo0F, specifically at a4/b5/a5 interface,
may induce structural effects propagating to the
b4-a4 loop. It has been suggested that the topology
of the b4-a4 loop is crucial for sensor kinase–
response regulator interactions and subsequent
phosphorylation to occur (Feher et al. 1998; Feher
& Cavanagh 1999). This represents a prospective
means to stop the progression of sporulation at
stage 0. Additionally, our Spo0F Cu2+ studies, in
combination with the CheY drug binding study,

suggests that inhibiting sensor kinase–response
regulator interactions through the manipulation of
the topology of the b4-a4 loop by means of ligand
binding to the a4/b5/a5 interface may represent a
universal site of targeting to response regulators.
Furthermore, this work suggests that controlling
specific metal ion levels, such as Cu2+, may pro-
vide a specific means for biochemical control of
spore formation in vitro.
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