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ABSTRACT: Sporulation inBacillus subtilisprovides a valuable model system for studying differential
gene expression. The anti-sigma factor SpoIIAB is a bifunctional protein, responsible for regulating the
activity of the first sporulation-specific sigma factor,σF. SpoIIAB can either bind to (and thus inhibit)σF

or phosphorylate the anti-anti-sigma factor SpoIIAA. The phosphorylation reaction follows an unusual
time course in which a pre-steady-state phase is succeeded by a slower steady-state phase. Previous
experiments have shown that in the steady-state phase SpoIIAB is unable to inhibitσF. A fluorescent
derivative of SpoIIAB (AB-F97W) was made that was indistinguishable from the wild type in its interactions
with SpoIIAA andσF. AB-F97W exhibited distinctive changes in its fluorescence intensity when bound
to ATP, ADP, or SpoIIAA. By following changes in the fluorescence properties of AB-F97W during the
phosphorylation reaction, we confirmed a previous hypothesis that during the steady-state phase the
predominant species are SpoIIAA‚SpoIIAB‚ADP complexes. The formation of these complexes is
responsible for the slowing of the reaction, an important feature during sporulation since it reduces the
loss of ATP in the nutrient-deprived cell. We also show that, to form a complex with SpoIIAA and ADP
during the reaction, SpoIIAB must undergo a change in state which increases its affinity for ADP, and
that this change in state is stimulated by its interaction with SpoIIAA. We derive a model of the reaction
using previously determined kinetic and binding constants, and relate these findings to the known structure
of SpoIIAB.

One of the most tractable systems for the study of
differential gene expression is sporulation, the synthesis of
endospores inBacillus subtilis, which is initiated when
Bacilluscells are starved of certain nutrients. An early feature
of sporulation is an asymmetric division of the cell into two
compartments, a smaller prespore and a larger mother cell,
which immediately embark on different programs of gene
expression. The progress of sporulation depends on the
successive activation of specific sigma factors (transcription
factors) in the two compartments. These sigma factors direct
RNA polymerase to transcribe genes that are appropriate both
to the location (prespore or mother cell) and to the tem-
poral stage that sporulation has reached. The first such
sigma factor isσF, which becomes active in the prespore
soon after asymmetric septation.σF is present in the cell
before sporulation begins, but it is kept inactive until
asymmetric septation occurs. IfσF is activated at the right
time and in the right compartment, then (barring any other
problem) the remaining sigma factors will be correctly
activated in their turn and sporulation will progress to
completion. Thus, the accurate regulation ofσF is crucial to
the success of sporulation (for a review, see ref1).

Three proteins are involved in regulatingσF: SpoIIAB
(AB),1 SpoIIAA (AA), and SpoIIE. AB has two functions.
It can act either as an anti-sigma factor (that is, it can bind
to and inhibit σF) or as a specific protein kinase to
phosphorylate AA on residue serine 58. To carry out either
of these functions, AB must have ATP in its nucleotide-
binding site. Alternatively, in the presence of ADP, AB can
form a relatively long-lived complex with AA. Before
asymmetric septation, and in the mother cell after asymmetric
septation, all the AA is phosphorylated. AA-P has a very
low affinity for AB, and the latter is therefore left free to
bind toσF and prevent it from acting as a transcription factor.
But when asymmetric septation is completed, SpoIIE, a
specific protein phosphatase that hydrolyzes AA-P to AA,
is activated in the prespore. The resulting AA can then
interact with theσF‚AB‚ATP complex to induce the release
of σF, itself becoming phosphorylated to AA-P (2). Fol-
lowing its release,σF remains active in sporulating cells for
at least 2 h after asymmetric division (3). To account for
this sustained activity ofσF in the prespore, we have
suggested that AA is repeatedly cycled through its phos-
phorylated and nonphosphorylated forms by AB, its kinase,
and SpoIIE, its phosphatase (4). This cycling sequesters the
AB kinase over a long period of time, preventing it from
inhibiting σF.
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The phosphorylation of AA catalyzed by AB in vitro
follows a biphasic time course, with a moderate pre-steady-
state rate being succeeded by a slow steady-state rate after
one cycle of the phosphorylation reaction (4). Previous results
from this laboratory (4-7) led to the suggestion that the
reduction in rate may be due to the formation of complexes
between AA and the AB‚ADP complex formed by the
phosphorylation reaction. If this hypothesis is correct, AA‚
AB‚ADP complexes should accumulate during the second
phase of the phosphorylation reaction.

We chose to monitor the different states of AB by fluor-
escence spectroscopy. In these experiments, we observed
changes in the fluorescent properties of a single tryptophan
residue, which we introduced by mutagenizing F97 of AB
to tryptophan (wild-type AB contains no tryptophan resi-
dues). F97 lies within the “ATP lid” region of AB, as seen
in a recently published crystallographic structure of AB (8).
The mutant protein was shown to be indistinguishable from
the wild type both in its kinetics as measured in vitro and in
its activity in vivo. The fluorescence intensity of this protein
was found to respond reproducibly and distinctively to the
binding of ADP, ATP, and AA. In addition, the fluorescence
anisotropy of AB-F97W was found to respond reproducibly
to AA binding. By following these properties during phos-
phorylation reactions, we were able to distinguish changes
in the predominant state of the AB and thus investigate the
mechanism by which sporulation is regulated.

EXPERIMENTAL PROCEDURES

Production of SpoIIA Proteins.To produce the mutant
protein AB-F97W, site-directed mutagenesis was carried out
by the method of Ho et al. (9), with a pET plasmid containing
the spoIIAB gene (10) as a template. The primers used to
amplify the entire gene by PCR were AB-FW (5′-AAAA-
AAACATATGAAAAATGAAATGCACCTTGAG-3 ′) and
AB-BW (5′-AAAGGATCCTTAATTACAAAGCGCTTT-
GCT-3′), where the FW primer introduces anNdeI site at
the beginning of the gene and the BW primer introduces a
BamHI site at the end. The primers used for the site-directed
mutagenesis were AB-F97W-FW (5′-GTCAGCCTCTATG-
GACGACTAA-3′) and AB-F97W-BW (5′-GGCTTAGTC-
GTCCATAGAGGC-3′). The mutated gene was digested
with NdeI andBamHI and ligated into plasmid pET11a for
expression inEscherichia coli. Other plasmids used for
production of SpoIIA proteins were described by Diederich
et al. (10) and Lee et al. (6). Expression and purification of
SpoIIA proteins were carried out as described by Lee et al.
(6). All proteins were prepared in a buffer containing 50 mM
Tris-HCl (pH 7.5), 50 mM KCl, 1 mM DTT, and 0.5 mM
MgCl2.

With the exception of the nucleotide binding experiments,
AB-F97W was used at a concentration of 0.5µM for all in
vitro experiments. This concentration produced suitable levels
of fluorescence intensity and a suitable rate of incorporation
of labeled phosphate into AA. It is also similar to the
concentrations that occur in vivo (4). To provide extra
sensitivity and accuracy in the nucleotide binding experi-
ments, AB-F97W was used at a concentration of 1µM. AA
proteins were used at a concentration of 2µM for binding
experiments, to saturate AB-F97W with a 2-fold excess in
the protomer concentration. For phosphorylation reactions,

an AA concentration of 5µM was used, to mimic the
recycling of AA by the phosphatase SpoIIE and provide a
significant number of turnovers in the reaction. Since the
mutant AA-L90A has a faster turnover rate than wild-type
AA (6), the concentration used in the reactions was increased
to 7µM so that a stable steady-state phase could be observed.

Incorporation of Labeled Phosphate into AA.The kinetics
of phosphorylation of AA by AB were determined by
assessing the incorporation of radioactivity from theγ-phos-
phate of ATP into an acid-insoluble form over time. These
experiments were carried out with the method described by
Lee et al. (6), except that incubation was carried out at 25
°C. Since the results are expressed in terms of radioactivity
counts in the precipitated protein, the exact values depend
on the batch of [γ-32P]ATP that is used.

Fluorescence Spectroscopy.A Perkin-Elmer LS50B lu-
minescence spectrometer, fitted with a fast filter accessory,
was used to perform these experiments, and the results were
analyzed with Perkin-Elmer FL WinLab software. All
experiments were performed at 25°C.

Steady-state fluorescence measurements were carried out
using an excitation wavelength of 290 nm, with a slit width
of 7.5 nm. Initial emission spectra were collected over 5 min
between wavelengths of 300 and 450 nm, with a slit width
of 7.5 nm.

The maximum fluorescence emission of AB-F97W in
buffer alone was found to be at 355 nm, and hence, this
wavelength was used to measure changes in fluorescence
emission intensities. Emitted fluorescence intensities were
recorded every second. Changes in the fluorescence intensity
were observed with the addition of nucleotide. The percent-
age reduction in intensity was based on an average value in
the absence of nucleotide obtained over a time period of 30
s. To determine intensity values upon the addition of
nucleotide, small aliquots (less than 1% of the total volume)
of nucleotide were added, and measurements were started
immediately. To determine values at equilibrium in the
presence of nucleotide, small aliquots of nucleotide were
added, and once it had become stable, the average fluores-
cence signal was calculated over a time period of 30 s.
Control experiments in which the nucleotide was replaced
with buffer showed that the changes in fluorescence observed
were not due to dilution effects.

Fluorescence anisotropy measurements were acquired
using an excitation wavelength of 290 nm with a slit width
of 7.5 nm and an emission wavelength of 355 nm with a slit
width of 10 nm. An acquisition time of 2 s was used for
each data point. Anisotropy values were calculated with the
Perkin-Elmer software. The change in anisotropy upon addi-
tion of nucleotide was calculated using an average value in
the absence of nucleotide obtained over the course of 2 min.

The results shown in this paper are from single experi-
ments. However, to determine the reproducibility of the data,
all experiments were repeated several times. In all cases,
similar results were obtained. While specific values of fluor-
escence intensity change were found to be highly reproduc-
ible for a given preparation of AB-F97W (errors of less than
2%), slight differences in fluorescence intensity changes were
noted between different preparations. Therefore, where in
this paper experiments are compared directly with each other
(i.e., within each figure), all data were obtained with a single
preparation of AB-F97W.
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At the concentrations used in these experiments, the
addition of nucleotide gave no significant fluorescence inten-
sity in the absence of AB-F97W. Control experiments in
which nucleotide was added to wild-type AB or AA showed
no significant change in the faint fluorescence intensity of
these proteins. Concentrations of nucleotide that were used
were restricted to<200µM to prevent the inner filter effect,
which was found experimentally to become significant above
500 µM. This finding is in agreement with the theoretical
reduction in fluorescence intensity, which at 500µM is 3.5%
(11). In most of the experiments, a nucleotide concentration
of 100 µM was used. At this concentration, the theoretical
inner filter effect is 0.7%, which is within the error of the
measurements.

Replacement of Wild-Type AB in B. subtilis.The mutation
that replaces F97 of AB with W was introduced into the
sequence of the entirespoIIAlocus by the site-directed muta-
genesis method of Ho et al. (9). Genomic DNA from wild-
type B. subtilisstrain 168ED was used as a template. The
primers used to amplify the entirespoIIA locus were FW-
AA-BSalI (5′-GGTCGACACTCTTGTTCTGAAAAAG-3′)
and BW-AC-RBamHI (5′-GTAGTATGTGGATCCATTTTGT-
TCTC-3′), where the FW primer introduces aSalI site and
the BW primer introduces aBamHI site. The primers used
for the site-directed mutagenesis were those described above
for the production of the AB-F97W protein. The resulting
PCR fragment was digested withSalI andBamHI and ligated
into pMLK83 (6). The entirespoIIA locus was deleted from
B. subtilis strain 168ED, and alacZ reporter gene, under
the control of thespoIIQ promoter, was integrated into the
chromosome (for methods, see ref6). The pMLK83 plasmid
containing the AB-F97W mutation was transformed into this
strain and integrated into theamyE locus by double
crossover. This strain was induced to sporulate, and the
â-galactosidase activity (6) was compared to that in a Spo+

strain in which alacZ reporter had been integrated into strain
168ED. TheσF activity was seen to be unaffected by the
chromosomal position of thespoIIA locus. Later stages of
sporulation, however, may be affected by such a change (12).

RESULTS

The ActiVity of AB-F97W Is Indistinguishable from That
of Wild-Type AB.We used site-directed mutagenesis of
genomic DNA to change residue 97 of AB from phenyl-
alanine to tryptophan (see Experimental Procedures). Re-
placement ofspoIIAB+ by the mutant gene led to mutant
bacteria, which activatedσF at the normal time and to the
normal extent (results not shown).

In vitro, the AB-F97W mutant protein was found by native
PAGE binding assays to have an affinity for the AA‚ADP
complex similar to that of the wild-type protein. The kinetics
of the AB-F97W phosphorylation reaction are shown in
Figure 1. As previously shown for wild-type AB (4, 7), the
time course of the reaction (as assessed by the incorporation
of radioactivity from theγ-phosphate of ATP into an acid-
insoluble form) consisted of a moderate pre-steady-state
phase that gave way after some 2-4 min to a slow steady-
state phase.

Fluorescence Properties of AB-F97W.In our fluorescence
spectroscopy experiments, we first established how the
fluorescence properties of AB-F97W change on ligand

binding. Fluorescence spectra of AB-F97W showed a
maximum emission at 355 nm. Upon addition of 100µM
ADP or ATP, this fluorescence was shifted by approximately
1 nm to slightly shorter wavelengths, and reduced in intensity
by up to 7%. Upon addition of ADP and AA, the fluores-
cence was shifted to shorter wavelengths by approximately
4 nm and reduced in intensity by 32-38% (see below). Since
the reductions in intensity were more substantial than the
shifts in wavelength, intensity was followed exclusively in
subsequent experiments. As a further measure of AA binding,
we determined changes in the fluorescence anisotropy of AB-
F97W. The binding of AA gave rise to an increase in
anisotropy values (r) of approximately 0.05 (see below).

Figure 2 shows the reduction in fluorescence intensity of
AB-F97W upon addition of varying concentrations of ADP
or ATP. In the absence of AA, the addition of either ADP
or ATP led to a change in fluorescence that increased with
increasing nucleotide concentrations, but failed to reach a
plateau even when nucleotide concentrations as high as 200
µM were added to 0.5µM AB-F97W. (The nucleotide
concentration was not increased above 200µM as inner filter
effects become significant at higher concentrations; see
Experimental Procedures.) The addition of 100µM ADP or
ATP to 1 µM AB-F97W produced changes in fluorescence
of different magnitudes, ATP giving the greater quenching.
When AB-F97W was incubated with a mixture of ADP and

FIGURE 1: Kinetic behavior of AB-F97W (0.5µM) in phospho-
rylating wild-type AA (5 µM), as measured by the extent of
incorporation of32P from theγ-phosphate of ATP.

FIGURE 2: Effect of nucleotide on the fluorescence intensity of
AB-F97W. AB-F97W was at a concentration of 0.5µM, and where
used, AA was at 2µM. Values for the reduction in fluorescence
intensity at equilibrium were calculated as described in Experimental
Procedures. The effects of ADP (9), ATP (2), and ADP in the
presence of wild-type AA (b) are shown.
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ATP (total concentration of 100µM), the change in
fluorescence was that expected from the ratio of their two
concentrations (Figure 3A). Furthermore, when one of the
nucleotides was added to a solution of AB-F97W that had
previously been incubated with the other nucleotide, the
fluorescence changed immediately, reaching an intensity of
fluorescence that reflected the final ratio of the concentrations
of the two nucleotides (Figure 3B). This shows that AB
rapidly equilibrates with the surrounding nucleotide pool.
This weak nucleotide binding and rapid nucleotide exchange
are consistent with results obtained previously. Lord et al.
(13) reported that theKd for both AB‚ADP and AB‚ATP
complexes is approximately 180µM.

In the presence of AA, by contrast, the reduction in fluor-
escence approached a maximum at an ADP concentration
as low as 10µM (Figure 2). This result demonstrates that
AB has an increased affinity for nucleotide in the presence
of AA. (AA contains no tryptophan residue, and its intrinsic
fluorescence does not interfere with that of AB-F97W.)
Figure 4 shows the changes in fluorescence of AB-F97W
over time on binding AA in the presence of 100µM ADP
(green line). There was a 34% decrease in fluorescence which
was virtually complete within the mixing time. The rapid
rate of AA binding shown in Figure 4 is consistent with
kinetic constants obtained previously for this reaction (4).
To see whether the intensity of fluorescence of an AA‚AB-
F97W‚ATP complex could be distinguished from that of an

AA ‚AB-F97W‚ADP complex, we used AA-S58A, a variant
of AA that cannot be phosphorylated and hence forms a
stable complex with ATP. As shown in Figure 4, the change
in fluorescence was substantially different for the ADP and
ATP complexes of S58A with AB-F97W, the ATP complex
this time showing the smaller change (cyan and pink lines).
The fact that the AB-F97W‚ADP complex with AA-S58A
(cyan line) has a fluorescence decrease smaller than that with
wild-type AA (green line) is presumably due to the weaker
affinity of the S58A mutant for the AB‚ADP complex (4).

Time Course of Phosphorylation.Having established how
the fluorescence properties of AB-F97W change on ligand
binding, we were in a position to correlate temporal changes
in these properties with the time course of the phosphory-
lation reaction, as measured by the incorporation ofγ-phos-
phate from ATP into AA. We carried out three parallel
phosphorylation reactions; in all of them, ATP (100µM)
was added to a mixture of AB-F97W (0.5µM) and AA (5
µM). In the first experiment (blue line in Figure 5A) we
measured changes in fluorescence intensity, in the second
(Figure 5B) the incorporation of32P from γ-labeled ATP
into AA, and in the third (blue line in Figure 5C) the change
in fluorescence anisotropy on interaction of AB-F97W with
AA. The blue line in Figure 5A shows that the fluorescence
intensity of AB-F97W during the phosphorylation reaction
diminished much more slowly than in the formation of the
AA ‚AB-F97W‚ADP complex (green line). A steady state
was observed after only∼4 min. At the plateau, the reduction
in fluorescence intensity approached that of the noncovalent
ternary complex made between AB-F97W (0.5µM), ADP
(100µM), and AA (5µM) (green line in Figure 5A). When
the steady-state phase ended,∼40 min from the beginning
of the reaction, the fluorescence returned to the level that is
characteristic of the binary complex between AB-F97W and
ATP (see the red line in Figure 5A). These changes can be
correlated with the time course of the reaction as measured
by the incorporation of radioactivity (Figure 5B). Here, we
can see that the approach to the steady-state level of
fluorescence corresponds with the pre-steady-state rate of
the reaction, that the plateau of reduced fluorescence

FIGURE 3: Effect of a mixture of nucleotides on the fluorescence
intensity of AB-F97W. (A) Effect of varying ADP:ATP ratios. The
total nucleotide concentration was 100µM, and the concentration
of AB-F97W was 1µM. Values for the reduction in fluorescence
intensity at equilibrium were calculated as described in Experi-
mental Procedures. (B) Reductions in fluorescence intensity with
time on the addition of nucleotide. The concentration of AB-F97W
was 1µM. ADP (25 µM) was added at 5 min and ATP (75µM)
at 10 min.

FIGURE 4: Effect of the formation of complexes with wild-type
AA, AA-S58A, or AA-L90A on the fluorescence intensity of AB-
F97W. AB-F97W was at a concentration of 0.5µM; AA proteins
were at a concentration of 2µM and nucleotides at 100µM.
Reductions in the fluorescence intensity of AB-F97W with time
are shown on binding to wild-type AA and ADP (green), AA-S58A
and ADP (cyan), and AA-S58A and ATP (pink). Measurements
were started on the addition of nucleotide to a mixture of the AA
and AB proteins.
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intensity corresponds with the steady-state rate of reaction,
and that the end of the phosphorylation reaction corresponds
to the time at which the fluorescence returns to a baseline
value. Figure 5C shows the fluorescence anisotropy results,
with the blue line representing the incubation containing ATP
and the green line the formation of the ternary noncovalent
complex. Here, by contrast, there is no pre-steady-state phase;
in addition, the fluorescence anisotropy simply returns to its
baseline value on completion of the phosphorylation reaction.

The anisotropy result (Figure 5C) demonstrates that AB-
F97W is saturated with AA during the first few seconds of
the phosphorylation reaction: there is no evidence for a

gradual change in the molecular mass of the complex during
the pre-steady-state phase. By contrast, the fluorescence
intensity results reveal a gradual change in the state of AB-
F97W during the pre-steady-state phase. We interpret the
changes as follows. During the first few seconds, AA binds
to the AB-F97W‚ATP complex, and the fluorescence inten-
sity of the resulting complex is reduced by∼20%. (Note
that, as shown in Figure 4, formation of the AA‚AB-F97W‚
ATP complex reduces the fluorescence intensity less than
the formation of a AA‚AB-F97W‚ADP complex.) However,
as the AB-F97W‚ADP complex is formed in the reaction,
most of it binds to AA, which is present in excess, to form
a AA‚AB-F97W‚ADP complex. This results in a further
reduction in fluorescence intensity to∼30%, which ap-
proaches the level characteristic of the AA‚AB-F97W‚ADP
complex as the reaction reaches the steady state. At the same
time, the formation of these complexes slows the overall rate
of the reaction so that the steady-state rate is slower than
the pre-steady-state rate (Figure 5B). When AA is exhausted
(the reaction is completed), only AB-F97W‚ATP complexes
can form (see the end of the blue curve in Figure 5A).

A Mutant of AA that Cannot Form AA‚AB‚ADP Com-
plexes.If the above interpretation of the changes in state of
AB during the phosphorylation reaction is correct, then a
different pattern of changes in fluorescence intensity would
be expected if the reaction were repeated with a mutant of
AA that has a much lower affinity for the AB‚ADP complex.
AA-L90A has a dissociation constant for the ternary complex
(AA ‚AB‚ADP) at least 100 times higher that of the wild
type (6). Experiments were performed in which ATP (100
µM) was added to a mixture of AB-F97W (0.5µM) and
AA-L90A (7 µM). Figure 6A shows that the phosphorylation
of AA-L90A proceeded much more rapidly, with linear
kinetics, indicating that the slow step in the steady state of
the wild-type reaction is faster in this mutant. The changes
in fluorescence intensity during the phosphorylation of AA-
L90A were strikingly different from those obtained with
wild-type AA. Instead of gradually approaching a stable level
over the course of several minutes, the fluorescence intensity
quickly reached a steady state, and it remained in this steady
state for∼10 min; thereafter, the fluorescence returned to
the level characteristic of a binary AB-F97W‚ATP complex
(Figure 6B). The reductions in fluorescence intensity were
substantially smaller than with wild-type AA.

Interactions with AA Produce a Change in the State of
AB. The results described above lend support to the view
that AA‚AB-F97W‚ADP complexes are formed after the first
round of the phosphorylation reaction, and that the forma-
tion of such complexes is responsible for the diminution in
rate of the steady-state phase (5). To establish this model
more securely, we must consider how such ternary complexes
can be produced, given an apparent discrepancy between
the rate of association of AA with the AB‚ADP complex
and the rate of dissociation of that complex. Previously,
Lord et al. (13) showed that AB has a relatively weak affinity
for ADP (Kd ≈ 180 µM). If it is assumed that thekon for
this interaction is in the range found for other associa-
tions between proteins and small ligands (14, 15), this
gives akoff of approximately 103 s-1. This relatively weak
affinity of AB for ADP and fast nucleotide exchange were
confirmed in the fluorescence results (Figures 2 and 3). It is
therefore difficult to see how the AA‚AB‚ADP complex

FIGURE 5: Parallel phosphorylation reactions of wild-type AA
measuring (A, blue line) reductions in fluorescence intensity, (B)
the incorporation of32P from γ-labeled ATP, and (C, blue line)
the fluorescence anisotropy. The reaction mixtures contained AB-
F97W (0.5µM) and AA (5 µM), and the reactions were started on
the addition of ATP (100µM). (A and C) Red line: the addition
of ATP (100µM) to AB-F97W (0.5µM) alone. Green line: the
addition of ADP (100µM) to a mixture of AB-F97W (0.5µM)
and AA (5 µM).
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could accumulate, since the rate of association of AA with
the AB‚ADP complex [approximately 1.5 s-1 at 5 µM AA
(4)] is much slower than the rate of dissociation of ADP
from AB.

To investigate this point further, we carried out the fol-
lowing experiments. AA (5µM) and AB (0.5 µM) were
incubated together, and the reaction was started by adding
ATP (100µM) that had previously been mixed with 5µM
ADP. The observed reductions in the fluorescence intensity
over time were identical to those in the absence of ADP
(orange and blue lines in Figure 7A). Assessment of the
incorporation of radioactive phosphate into AA (b and4 in
Figure 7B) again showed that the rates of phosphorylation
in the presence and absence of ADP were indistinguishable.
Thus, the addition of ADP alone does not induce the slow
step of the steady-state phase.

It appears therefore that to form AA‚AB‚ADP complexes,
AB must undergo some change during the first round of the
phosphorylation reaction that decreases the rate at which
ADP dissociates from it. Since this change occurs during its
interaction with AA, we tried to mimic this by preforming
AA ‚AB‚ADP complexes. AA (5µM) was preincubated
together with AB-F97W (0.5µM) and 5µM ADP for several
minutes to allow AA‚AB‚ADP complexes to form. When
ATP (100 µM) was subsequently added, it was clear that
the pre-steady-state phase had been completely eliminated
(black line in Figure 7A and2 in Figure 7B). Interaction
with AA thus appears to produce a change in AB which
decreases the rate at which ADP dissociates from it.

DISCUSSION

The results presented here confirm the hypothesis that,
during the steady-state phosphorylation of AA, AB exists
predominantly in AA‚AB‚ADP complexes. Our results also
show that to form such complexes AB must adopt a re-
fractory conformation from which ADP dissociation is very
slow. Figure 8A summarizes these findings in a phospho-
rylation scheme. In this scheme, we denote the change in
the state of AB, occurring when it interacts with AA, with
the superscript closed (the reason for this nomenclature is
explained below).

In previous work, we have measured kinetic and binding
constants for many of the steps shown in Figure 8A (4, 7,
13). It is attractive to attempt to analyze our current results
and these previously determined constants in terms of the
scheme shown in Figure 8A. To carry out this analysis, we
use a simplified scheme as shown in Figure 8B, in which
AB′ denotes the sum of species1-4 and6 in Figure 8A. In
previous studies, the pre-steady-state rate constant and the
steady-state rate constant have been determined. In our
scheme in Figure 8A, the pre-steady-state rate constant will
be equal to the rate constant for the reactions from the free
AB to the formation of the first molecule of AA-P (reactions
involving species1-4). Since we know that the rate of
ADP-ATP exchange is very rapid (approximately 103 s-1),
we can assume that the rate constantki is equal to the pre-

FIGURE 6: Parallel phosphorylation reactions of AA-L90A measur-
ing (A) the incorporation of32P from γ-labeled ATP and (B)
reductions in fluorescence intensity. The reaction mixtures contained
AB-F97W (0.5µM) and AA-L90A (5 µM), and the reactions were
started on the addition of ATP (100µM).

FIGURE 7: Parallel phosphorylation reactions of wild-type AA with
added ADP. (A) Reductions in fluorescence intensity. (B) Uptake
of 32P from γ-labeled ATP. AB-F97W (0.5µM) was mixed with
AA (5 µM), and the reactions were started on the addition of
nucleotide. Nucleotides that were added were 100µM ATP (A,
bright blue line; B,b), 100µM ADP (A only, green line), a mixture
of 100µM ATP and 5µM ADP (A, orange line; B,4). Also shown
are the changes that occurred when a mixture of SpoIIAB and
SpoIIAA was preincubated with 5µM ADP for 5 min and 100
µM ATP was added (A, black line; B,2).
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steady-state rate constant, which is approximately 5× 10-3

s-1 (4, 7). The rate-limiting step of this sequence is the
phosphorylation reaction (conversion of species3 to 4 in
Figure 8A) (7). The rate constantkclosedfor the ABclosed‚ADP
to AB reaction will be equal to the rate constant in the
scheme in Figure 8A for the ABclosed‚ADP to AB‚ADP
reaction. We can assume that this reaction is essentially
irreversible as it is not possible to make the ABclosed‚ADP
complex by mixing AB and ADP. In the steady state, we
can make the following assumptions:

and

(since this reaction is in steady state, the rate at which each
intermediate is produced is equal to the rate of its breakdown.
The rate at which AA is phosphorylated is equal to the rate
at which AB′ is converted to the ABclosed‚ADP complex)
where

and kcat is equal to the steady-state rate constant for the
reaction, which is 0.8× 10-3 s-1 (4, 7).

To derive values for the relative quantities of the three
components (AB′, ABclosed‚ADP, and AA‚AB‚ADP) and
therefore assess whether this model fits the fluorescence
results, we must first derive the rate constant,kclosed. We
derivekclosed as follows:

Expressing [AB′] and [AA‚ABclosed‚ADP] in terms of [ABclosed‚
ADP]

Dividing through

Since theKd for the dissociation of the AA‚ABclosed‚ADP
complex equalskoff/kon

Using aKd value of 40 nM (4), ki andkcat taken from pre-
steady-state and steady-state values of phosphorylation (see
above) and a concentration of AA of 40µM [the concentra-
tion of AA at which the kinetic constants were determined
(4, 7)], we find akclosedvalue of 0.95 s-1.

FIGURE 8: Proposed schemes for the phosphorylation of AA by
AB. (A) Proposed phosphorylation pathway. During its interaction
with AA, AB undergoes a change in state to the ABclosed form.
This change decreases the rate at which ADP dissociates from
AB, allowing the AA‚ABclosed‚ADP ternary complex to form. (B)
A simplified pathway. (C) Mechanism for the pathway shown in
terms of proposed conformational changes in AB. It is proposed
that in the ABclosedform the ATP lid loop undergoes a conforma-
tional change such that nucleotide is trapped in the binding
pocket: blue shape, SpoIIAA; red shape, SpoIIAB; purple hexagon,
adenosine moiety of ADP and ATP; green circles, phosphate groups.

koff[AA ‚ABclosed‚ADP] ) kon[ABclosed‚ADP][AA]

(equilibrium between [ABclosed‚ADP] and

[AA ‚ABclosed‚ADP]) (1)

kclosed[ABclosed‚ADP] ) ki[AB ′] ) kcat[ABtotal] (2)

[ABtotal] ) [AB ′] + [ABclosed‚ADP] +
[AA ‚ABclosed‚ADP] (conservation of mass) (3)

[AB ′] )
kclosed[ABclosed‚ADP]

ki
(from eq 2)

[AA ‚ABclosed‚ADP] )
kon[ABclosed‚ADP][AA]

koff

(from eq 1)

kclosed[ABclosed‚ADP] ) kcat([AB ′] + [ABclosed‚ADP] +

[AA ‚ABclosed‚ADP]) (from eqs 2 and 3)

kclosed[ABclosed‚ADP] ) kcat(kclosed[ABclosed‚ADP]

ki
+

[ABclosed‚ADP] +
kon[ABclosed‚ADP][AA]

koff
)

kclosed) kcat(kclosed

ki
+ 1 +

kon[AA]

koff
)

kclosed(1 -
kcat

ki
) ) kcat(1 +

kon[AA]

koff
)

kclosed)
kcat(1 + 1

Kd
[AA] )

1 -
kcat

ki
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From the above equations, we can now estimate the
proportions of the various components in the reaction in
terms of the percentage that they represent of the total
concentration of AB.

Fraction of ABclosed‚ADP:

Fraction of AA‚ABclosed‚ADP:

Fraction of AB′:

If this model is correct, the relative concentrations of the
ABclosed‚ADP and AA‚ABclïsed‚ADP complexes derived
above should fit theKd value for the formation of the ternary
complex. From the definition of theKd

and using a total AB concentration of 0.5µM and a AA
concentration of 40µM, a Kd value of 40 nM is obtained,
which is consistent with our original value.

In the above analysis, the predominant species is the
AA ‚ABclosed‚ADP complex, a finding which is in accordance
with the fluorescence results (see Figure 5A). Almost all of
the remainder is in the AB′ form. AB′ will consist largely
of the AA‚AB‚ATP complex, since it is known that the
exchange of nucleotide and binding of AA are relatively rapid
processes compared to the transfer of phosphate (4, 7, 13).
From Figures 4 and 5A, we can estimate the relative fluor-
escence of an ATP-containing AA‚AB complex compared
to that of an ADP complex, by comparing the S58A‚F97W‚
ATP complex with the wild-type AA‚F97W‚ADP complex
and taking the value for the reduction in fluorescence after
1 min of the phosphorylation reaction, at which time the AB
should be fully saturated with AA. [It is not possible to
compare directly the two S58A complexes since it is known
that the S58A mutation reduces the affinity of AA, particu-
larly for the ADP-containing complex (4).] By comparing
these two results, we estimate that the AA‚AB‚ATP com-
plex has approximately 75% of the reduction in fluor-
escence of the AA‚AB‚ADP form. Therefore, a mixture of
84% AA‚AB‚ADP complexes and 16% AA‚AB‚ATP com-
plexes would be expected to have a reduction in fluorescence
of approximately 96% of the reduction due to the AA‚AB‚
ADP complex alone. It is found from Figure 5A that during
the steady-state phosphorylation reaction the reduction in
fluorescence is 96.5% of that of the AA‚AB‚ADP complex.
Therefore, it appears that our model, which was derived from

the kinetic data previously published (4, 7), fits well with
the fluorescence results shown in Figures 4 and 5.

The crystal structure of AB, which was determined to 2.9
Å resolution (8), gives us an insight into how the change in
state from AB to the ABclosed form may occur. AB adopts
the GHKL superfamily fold. This superfamily includes
bacterial histidine kinases, ATPases, and mitochondrial
protein kinases (16-18). A common feature of this super-
family is a novel nucleotide binding fold, which includes a
flexible loop known as the ATP lid. In many structures, such
as AB, this loop covers the nucleotide-binding pocket. In
some cases, an important feature for the biological activity
of these proteins is the ability of their ATP lid to alter its
conformation on binding ligands (17, 19). This leads us to
propose a mechanism to explain the change in state observed
in AB (see Figure 8C). We propose that AB alone has an
open, or disordered, ATP lid in which the nucleotide is
relatively free to dissociate from the protein. However, on
binding AA, the ATP lid adopts a closed conformation in
which the nucleotide is more tightly bound. In the phospho-
rylation scheme, after the dissociation of AA-P this confor-
mation persists briefly, relaxing back to the open confor-
mation at a rate of∼1 s-1. It is this relatively slow rate of
relaxation that maintains the AB‚ADP complex for a
sufficient amount of time to allow the AA‚AB‚ADP complex
to form.

In the calculations presented above, we assumed that the
ABclosed‚ADP to AB‚ADP reaction was essentially irrevers-
ible. However, from the thermodynamics AB must be able
to adopt the closed conformation in the absence of AA, albeit
forming that conformation at a very slow rate such that the
equilibrium is far in favor of the open conformation. The
binding of AA shifts that equilibrium in favor of the closed
conformation. This point underlines the central importance
of the concentration of dephosphorylated AA in the activation
of σF. Dephosphorylated AA acts not only as a substrate that
changes the conformation of AB but also as a ligand that
forms a complex with this altered conformation. AA‚AB‚
ADP complexes formed in this manner have been shown
previously to be unable to interact withσF (6) so that their
formation activates the transcription factor.
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