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ABSTRACT: The phosphorelay signal transduction pathway controls sporulation initiation inBacillus subtilis.
Transfer of a phosphoryl group from multiple kinases (KinA and KinB) through a single domain response
regulator homologue (Spo0F), a phosphotransferase (Spo0B), and ultimately to a transcriptional regulator,
(Spo0A) activates sporulation. Counteracting this response are phosphatases (RapA and RapB), which
can short-circuit this phosphorelay via dephosphorylation of Spo0F. In vitro assays of RapB activity on
phosphorylated Spo0F alanine-scanning mutants have been used to identify Spo0F residues critical for
interactions between these proteins. The Spo0F surface comprised of theâ1-R1 loop and N-terminal
half of helix R1 has the largest number of residues in which an alanine substitution leads to resistance or
decreased sensitivity to RapB phosphatase activity. Other mutations desensitizing Spo0F to RapB are
also located near the site of phosphorylation on theâ3-R3 andâ4-R4 loops. This surface is similar to but
not the same as the surface identified for KinA and Spo0B interactions with Spo0F. Divalent metal ions
were shown to be required for RapB activity, and this activity was insensitive to vanadate, suggesting
that Rap phosphatases catalyze acyl phosphate hydrolysis by inducing conformational changes in
phosphorylated Spo0F, which results in increased autodephosphorylation. Arginine 16 of Spo0F is proposed
to play a role in catalysis, and similarities between the mechanisms for RapB catalyzed Spo0F∼P hydrolysis
and GAP (GTPase activating protein)-assisted GTP hydrolysis of Ras are discussed.

The initiation of sporulation in bacteria is characterized
by complex interactions between signal transduction proteins
that regulate the initial transcription events. A novel signal
transduction system termed the phosphorelay is responsible
for sporulation-related information processing (1). The
phosphorelay is based on the two-component signal trans-
duction systems found to be nearly universal in prokaryotes
(2). In two component systems, a signal-activated kinase
employs ATP to autophosphorylate on a histidine residue,
and this phosphoryl group is subsequently transferred to an
aspartate residue of a response regulator, thereby initiating
a genetic or cellular response. The phosphorelay is an
extended and more complex version of such a system,
involving multiple activation signals processed by at least
two histidine kinases, KinA and KinB (3). The initial target
of phosphorylation is a single domain response regulator,
Spo0F (3). Phosphorylated Spo0F (Spo0F∼P) delivers the
message (phosphoryl group) to the ultimate response regula-
tor, Spo0A, through an intermediate phosphotransferase,
Spo0B, which is phosphorylated on a histidine residue during
the reaction. Phosphorylated Spo0A (Spo0A∼P) is an active

transcription factor controlling many genes for sporulation
(4). Phosphorelays transfer the phosphoryl group in the order
His-Asp-His-Asp and these signal transduction systems are
now being found in a variety of bacteria and lower eukaryotes
(5-7).

It was originally theorized that the increased complexity
of the phosphorelay allowed more points of interaction for
competing regulatory signals to influence the ultimate
outcome of signal transduction (1). This is especially
apparent in sporulation where a variety of environmental and
cellular signals, both positive and negative, must be recog-
nized and accommodated if the cell is to coordinate this
morphological process. It is now clear that the phosphorelay
forms the core of a signal integration circuit where activating
signals are recognized by kinases KinA and KinB leading
to phosphoryl group input and where suppressing signals
regulate the Spo0E phosphatase for Spo0A∼P (8) and the
Rap phosphatases for Spo0F∼P (9). In addition, an anti-
kinase activity for KinA has been found (10). The competi-
tion between separately activated kinases and phosphatases
determines the Spo0A∼P level and, therefore, whether
sporulation is triggered (11).

Spo0F has emerged as a pivotal component in the
phosphorelay as it integrates a wide variety of inputs through
its interactions with three kinds of proteins: KinA and KinB
kinases, the Spo0B phosphotransferase, and the Rap phos-
phatases. How Spo0F maintains specificity of interaction
with such an array of proteins is an interesting question of
molecular recognition, especially considering the abundance
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of two-component systems within a single cell (12, 13). In
an alanine-scanning mutagenesis study of Spo0F designed
to delineate the surface residues of Spo0F responsible for
interaction with its modifying proteins, several alanine
substitutions gave genetic phenotypes best interpreted as
resistant to the Rap phosphatases known to be specific for
Spo0F∼P (14). Previous studies identified residue Y13 of
Spo0F as important for RapA and RapB phosphatase
interaction; substitution by serine at position Y13 imparts
phosphatase resistance to Spo0F (9).

In this study, 16 Spo0F mutants with alanine-substituted
residues potentially defining the Rap phosphatase interaction
surface were assayed in vitro for sensitivity to RapB
phosphatase. Additionally, the metal dependence of RapB-
catalyzed dephosphorylation and the RapB activity in the
presence of vanadate were characterized to distinguish
between possible models for RapB activity.

MATERIALS AND METHODS

Bacterial Strains and Reagents. E. coli strains were
maintained on Luria-Bertani medium supplemented with
ampicillin at 100µg/mL or chloramphenicol at 30µg/mL.
Strain DH5R was used for propagation and maintenance of
plasmids and strain BL21(DE3)pLysS for protein expression.
Transformations were performed by electroporation using
gene pulser (Bio-Rad). Sequenase version 2.0 DNA Se-
quencing kit from Amersham and PAGE I sequencing gel
kit (Boehringer Mannheim) were used for DNA sequence
analysis. [γ-32P]ATP (6000 Ci/mmol, 150 mCi/mL) was
obtained from NEN Life Science Products, DuPont. Protein
molecular weight markers were from Novex. Sodium
orthovanadate was obtained from Sigma Co.

DNA Manipulation and Protein Purification. Cloning and
site-directed mutagenesis were done as described previously
(14). DNA sequence analysis was used to screen for clones
containing the desired mutation, and the entire gene was
subsequently sequenced to ensure no additional mutation
existed. Expression of His-tagged proteins and purification
to homogeneity were performed according to the described
procedures (14). RapB protein with N-terminal 10xHis tag
(in pET16b) (9) was also purified in a similar fashion and
was concentrated by a Centricon-30 concentrator (Amicon).
Protein concentration was determined by BCA protein assay
(Pierce) with bovine serum albumin as a standard. Concen-
tration of Spo0F was determined by its extinction coefficient
(15).

Spo0F∼P Purification. (His)6-tagged Spo0F (50µM) was
phosphorylated with KinA (0.5µM) and [γ-32P]ATP (1 mM
at specific activity of 0.6 Ci/mmol) for 2 h aspreviously
described (14). The reaction mixture (250µL) was loaded
onto a Ni-NTA spin column (Qiagen) with low-speed
centrifugation (1700 rpm× 3 min). The column was washed
twice with 500 µL of buffer containing 50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, and 10% glycerol.
Retained protein was eluted by 150 mM EDTA1 in the same
buffer (300 µL × 3). Excess EDTA was removed by
extensive dialysis in buffer S (50 mM sodium phosphate,

pH 8.0, 50 mM KCl, 0.1 mM EDTA, and 10% glycerol)
and protein was then concentrated by a Microcon-3 concen-
trator (Amicon).

Dephosphorylation Assays. Spo0F at a final concentration
of 10 µM was phosphorylated by KinA (0.2µM) and 0.4
mM [γ-32P]ATP (6 Ci/mmol) for 40 min. At this point, any
subsequent incorporation of radiolabel was minimized by
adding 200-fold excess of unlabeled ATP. RapB was added
30 s after the addition of unlabeled ATP to a final
concentration of 2µM. The first sample was withdrawn after
15 s, mixed with 2× SDS electrophoresis loading buffer and
frozen on dry ice. The radioactivity of Spo0F∼P in this
sample was used as 100% in normalization. After comple-
tion of the time course, all samples were analyzed on a 15%
Tris-tricine minigel. The gel was dried, without staining,
under vacuum, and the radioactivity remaining as Spo0F∼P
was quantified with a PhosphoImager (Molecular Dynamics
Corp.).

The autodephosphorylation of purified Spo0F∼P (10µM)
was performed in buffer S. Stock solutions of MgCl2, MnCl2,
ZnCl2, CaCl2 (25 mM), and Na3VO4 (100 mM) were
prepared in 100 mM Tris-HCl, pH 8.0. Divalent metals were
used at a final concentration of 5 mM, and vanadate was
added to a final concentration of 20 mM when desired.
Reactions (with 1µM of RapB if needed) were initiated by
adding Spo0F∼P and were quenched by 2× SDS loading
buffer. Samples were analyzed as described above.

RESULTS

Multiple Residues in the Region ofâ1-R1 Loop and the
N-Terminus of HelixR1 Confer Phosphatase Resistance
When Mutated to Alanine. Previous genetic screening which
identified the Spo0F Y13S mutation to be Rap phosphatase
resistant provided initial insight into the possible location
of the Spo0F-Rap interaction surface (9). Because the
average molecular recognition surface between two interact-
ing proteins has been estimated to range in area from 639 to
3228 Å2 (16), Rap phosphatases are likely to employ a
broader recognition area beyond this residue of Spo0F. If a
residue only participates in phosphatase recognition, a
mutation removing this interaction is likely to give rise to
an increased pressure to sporulate, leading to a hypersporu-
lation phenotype (9, 17). However, a mutation giving
phosphatase resistance would not manifest a hypersporulation
phenotype if this mutation also impaired phosphoryl input
from kinases. The majority of surface residues (57 of 79),
when altered to alanine, did not change the sporulation
phenotype of the cell, suggesting they do not participate in
recognition for kinases, phosphatases, or the Spo0B phos-
photransferase. Therefore, all of the mutant proteins showing
altered sporulation from the previous alanine-scanning mu-
tagenesis were assayed for Rap phosphatase sensitivity.

The lifetimes of the phosphorylated Spo0F alanine mutant
proteins and the phosphorylated wild-type Spo0F in the
presence of RapB phosphatase are shown in Figure 1A. A
time course for wild-type Spo0F∼P autodephosphorylation
is included for reference. Many mutations located on the
â1-R1 loop and the N-terminus of helixR1 (see Figure 5)
completely abrogate or significantly diminish RapB activity
on Spo0F. Y13A, R16A, and L18A mutant proteins were

1 Abbreviations: PCR, polymerase chain reaction; IPTG, isopropyl-
â-thiogalactopyranoside; NTA, nitrilo-tri-acetic acid; SDS, sodium
dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; EDTA,
ethylenediaminetetraacetic acid; NMR, nuclear magnetic resonance.
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essentially resistant to RapB. Q12A and I17A mutant
proteins gave RapB-dependent dephosphorylation rates in-
termediate between the wild-type autodephosphorylation rate
and that of wild-type in the presence of RapB. Surprisingly,
I15A and L19A mutant proteins showed enhanced reactivities
to RapB. Proteins with mutant residues on two other loops,
theâ4-R4 loop (Y84) and theâ3-R3 loop (K56), showed
reduction in sensitivity to RapB and are discussed below.
E86A, L87A, D107A, and I108A proteins with mutant
residues located on theâ4-R4 loop and helixR5 were
unaffected in their sensitivity to RapB (data not shown).

The apparent rate shown in Figure 1A results from both
the RapB-stimulated dephosphorylation and autophosphatase
activity of Spo0F. However, altered sensitivity or resistance
to Rap phosphatase did not correlate to the autodephospho-
rylation lifetime of mutant Spo0F∼P proteins derived from
the cold chase method (14) which is similar to the assay
condition applied here. L19A and Y13A mutant proteins,
for example, have nearly identical autodephosphorylation
half-lives, yet their reactivities with RapB are completely
different. The stimulation of the dephosphorylation rate by
RapB can be estimated through the ratio of rate constants

FIGURE 1: (A) RapB-catalyzed dephosphorylation reaction time course of Spo0F mutants. (b) Wild-type autodephosphorylation; (O) wild-
type; (1) Q12A; (3) Y13A; (9) I15A; (0) R16A; ([) I17A; (]) L18A; (2) L19A; (4) K56A. In vitro sensitivity to RapB phosphatase
was investigated by reaction with Spo0F and RapB in a 5/1 ratio. This is one representative of at least two independent sets of experiments.
(B) Fold of stimulation in dephosphorylation rate by RapB phosphatase. The ratio is calculated as the first-order rate constant in the presence
of RapB divided by the rate constant of autodephosphorylation.
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obtained in the presence or absence of RapB (Figure 1B).
When the autodephosphorylation rate was taken into account,
RapB brought about a 22-fold enhancement in dephospho-
rylation rate of wild-type Spo0F. When the other mutant
proteins were compared in this manner, the actual effect of
the mutation on RapB phosphatase activity alone could be
assessed. For example, the Q12A and L19A mutant proteins
which were less sensitive or more sensitive, respectively, to
RapB phosphatase gave much less significant effects than
were apparent in Figure 1A while E86A and possibly L87A
mutations whose proteins showed apparent unaltered wild-
type RapB-dependent dephosphorylation rates (data not
shown) were actually unable to be stimulated by RapB
phosphatase to the same extent as the wild-type protein
(Figure 1B).

The responses of mutant proteins toward RapB also did
not correlate with their reactivities toward KinA∼P and

Spo0B∼P. Both I15A and L18A mutant proteins exhibited
similar reaction patterns to KinA∼P and Spo0B∼P (14), yet
their responses to RapB were opposite.

Y13 and Y84 Residues May be InVolVed in Hydrophobic
Contacts between Spo0F and RapB. In vitro studies have
shown that the Y13S Spo0F mutation has no effect on the
catalytic function of Spo0F but is critical to phosphatase
recognition (9). Comparisons of the wild-type and Y13S
mutant structures show that mutation of this surface-exposed
residue has no overall structural consequences (18-20). Two
types of interactions can be mediated through the side chain
of a tyrosine residue: hydrogen bonding with the phenolic
-OH group and hydrophobic packing with the aromatic ring.
To better understand the nature of this interaction, site-
directed mutagenesis was carried out to replace Y13 with
phenylalanine and tryptophan. These Spo0F mutant proteins
and the Y13S mutant proteins have normal phosphotransfer
activities with respect to KinA∼P and Spo0B∼P (data not
shown). However, only the Y13F mutant protein retained
substantial sensitivity to RapB, while Y13A, Y13S, and
Y13W mutant proteins were mostly resistant to RapB (Figure
2). Under the reaction conditions used, the phosphoryl group
of wild-type Spo0F∼P was∼80% hydrolyzed after 20 min;
the corresponding values for Y13F and all other mutant
proteins were 65 and∼30%, respectively. Autohydrolysis
of Spo0F∼P after 20 min was about 10% (Figure 2). The
relative sensitivities of these mutants toward the RapB
phosphatase suggest that the hydrophobic phenyl ring of
tyrosine, but not the hydroxyl group, is required for recogni-
tion and/or stabilization of the bound complex. The indole
ring of tryptophan does not substitute.

A second solvent-exposed tyrosine residue Y84 adjacent
to the active-site pocket is located on the opposite side of
the active site from Y13. Similar to Y13, Y84 is situated
on a mobile loop (â4-R4) enclosing the active site.
Although the Y84A mutation exhibited a sporulation-

FIGURE 2: RapB reactivities of Spo0F Tyr13 mutants and Tyr84 mutants. (b) Wild-type autodephosphorylation; (O) wild-type; (1) Y13W;
(4) Y13S; (+) Y13A; (9) Y13F; (]) Y84A; (0) Y84F. In vitro sensitivity to RapB phosphatase was investigated by reaction with Spo0F
and RapB in a 5/1 ratio, and one set of experiments is shown (n g 2).

FIGURE 3: RapB sensitive mutation sites in Spo0F produced larger
fold stimulation in dephosphorylation reactions than did wild-type
protein.
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deficient phenotype in vivo due to disruption of Spo0F-
KinA interaction (14), the involvement of its phenolic side
chain in RapB interaction was examined. Phenylalanine
substitution at residue Y84 has only a moderate effect on
RapB-catalyzed dephosphorylation when compared to a
Y84A mutation (Figure 2). This observation again suggests
that this particular aromatic ring, rather than the hydroxyl
group, is essential for RapB recognition. However, the
autodephosphorylation rate of Y84F was not tested and a
decreased rate would affect this conclusion. Removal of the
hydroxyl on residue 84 severely affects KinA reactivity and
leads to a sporulation-deficient phenotype (data not shown).

The K56A Mutation Influences RapB-Catalyzed Spo0F∼P
Dephosphorylation. Lysine 56, located on the loop im-
mediately following the site of phosphorylation (D54), has
been suggested to be one of the important determinants of
the autohydrolysis rate of Spo0F∼P (19). The rate of
autohydrolysis was increased significantly when this residue
was mutated to Asn, but only moderately when substituted
by alanine (21). When assayed with RapB, the K56A mutant
protein showed a reaction time course similar to those of
Q12A and I17A mutant proteins (Figure 1A), and it conferred
RapB resistance similar to that of the R16A mutant protein
(Figure 1B). Mutation of lysine 56 may enhance metal
binding by subtly changing the position of the backbone

carbonyl important for magnesium coordination and/or it may
remove an important salt bridge for stabilization of the acyl-
phosphate resulting in an enhanced autodephosphorylation
rate (9, 18-20). Despite the increased autodephosphoryla-
tion rate for K56A, RapB is not able to achieve wild-type
levels of dephosphorylation, suggesting that K56 plays a role
in RapB catalyzed hydrolysis.

Buried, Nonpolar Residues near the ActiVe Site Enhance
Dephosphorylation Rates When Truncated. Additional ala-
nine mutant proteins besides those with I15A and L19A
mutations were observed to be dephosphorylated by RapB
faster than wild-type protein (Figure 3). The unusually large
stimulation of the I15A mutant is the result of its much
diminished autodephosphorylation rate (14). Proteins altered
in three other residues, I57, M81, and F106, which possess
predominantly buried nonpolar side chains were also de-
phosphorylated at increased rates by RapB when their side
chains were truncated. The proximity of these rate-enhanc-
ing mutants to the active site and their lack of surface
accessibility suggests that these residues may not directly
interact with the RapB phosphatase. Instead, the side-chain
truncation of these residues to a methyl group may structur-
ally alter the active site to destabilize the acyl-phosphate and/
or facilitate nucleophilic attack by water on the phosphoryl
group. The isolation of such mutants suggests that RapB
may catalyze Spo0F dephosphorylation through an allosteric
mechanism that alters the active-site conformation.

RapB Dephosphorylation of Spo0F Requires DiValent
Metal Ions. The metal requirement for Spo0F∼P autode-
phosphorylation has been previously studied; the autode-
phosphorylation rate was maximum at 2 mM Mg2+ (15). In
addition, Spo0F∼P has a higher affinity for Mn2+ (Kd 0.1-
1.0 mM) than Ca2+ (Kd 2 mM) or Mg2+ (Kd 2 mM) as
measured by fluorescence quenching of the Spo0F/Y13W
protein (ref21 and unpublished results). If RapB catalyzes
Spo0F∼P hydrolysis through a mechanism similar to the
autophosphatase reaction, a similar metal ion dependence
would be expected. To test this possibility, Spo0F∼P was
purified free of the Mg2+ used in the standard phosphory-
lation reaction by a Ni-NTA column that employed excess
EDTA rather than imidazole to chelate metal ions and elute
the protein. EDTA was subsequently removed through
extensive dialysis. When purified wild-type Spo0F∼P was
incubated at room temperature for 90 min, moderate hy-
drolysis was only detected after divalent ions were added
back into the reaction mixture (Figure 4A). When purified
Spo0F∼P was treated with RapB in the absence of metal
ions, very little, if any, hydrolysis was detected after 90 min
of incubation (Figure 4A), indicating that divalent metal ions
are essential for dephosphorylation by RapB. In the presence
of different metal ions, however, RapB accelerated Spo0F∼P
hydrolysis and the reaction appeared to be metal dependent,
exhibiting a preference of Mn2+ > Mg2+ ≈ Ca2+ > Zn2+.
The higher catalytic efficiency of Mn2+ over Mg2+ correlates
with its higher affinity for Spo0F protein. Ca2+ ion, which
binds to Spo0F with the same affinity as Mg2+, has activity
similar to that of Mg2+. Finally, vanadate, an inhibitor of
phospho-intermediate generating enzymes such as phospho-
tyrosine phosphatases (22), did not inhibit either Mn2+- or
Mg2+-catalyzed activities of RapB (Figure 4A and lanes 11
and 12 in Figure 4B).

FIGURE 4: Metal ion preference for RapB catalyzed dephospho-
rylation. Reaction conditions are described in Methods and Materi-
als. (A) Reaction time course. (1) Spo0F∼P alone; (2) Spo0F∼P
+ RapB; (4) Spo0F∼P + Mg2+; (3) Spo0F∼P + Mn2+; ([)
Spo0F∼P + RapB+ Zn2+; (+) Spo0F∼P + RapB+ Ca2+; (0)
Spo0F∼P + RapB+ Mg2+; (O) Spo0F∼P + RapB+ Mn2+; (9)
Spo0F∼P + RapB+ Mg2+ + Na3VO4; (b) Spo0F∼P + RapB+
Mn2+ + Na3VO4. (B) An autoradiogram of the 30 min reaction.
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DISCUSSION

Using site-directed mutagenesis and in vitro assays, this
study provides a more detailed view of the Spo0F residues
that are critical in Spo0F-RapB interactions. The 16 alanine
mutations studied were known from an earlier study to alter
sporulation frequency. These mutations are located on loops
surrounding the aspartyl pocket (â1-R1, â3-R3, andâ4-
R4) and the N-terminal regions of helicesR1, R4, andR5.
The surface-filling model illustrated in Figure 5 shows that
the residues giving RapB resistance form a mostly hydro-
phobic surface surrounding the D54 site of phosphorylation
that may be largely responsible for stabilizing the RapB:
Spo0F complex. This surface is likely also to be used by
RapA because these two phosphatases share a high degree
of sequence homology (23). Five alanine mutants (I15A,
L19A, I57A, M81A, and F106A) demonstrated enhanced
RapB dephosphorylation rates compared to wild-type RapB:
Spo0F∼P hydrolysis. These residues also cluster around the
D54 site of phosphorylation and are hydrophobic, yet differ
from the RapB resistant mutants because they are mostly
buried. Each of these hydrophobic residues is highly
conserved throughout response regulator proteins and have
previously been suggested to be important in the structural
core of this family of proteins (24). Thus, the consequence
of these mutations may be structural changes, which disrupt
the aspartyl pocket, thereby enhancing RapB induced hy-
drolysis of the acyl-phosphate.

It is believed that all two-component response regulators
share similar secondary structure organization; therefore,
sequence comparison provides valuable information about
relevant functional roles of certain residues. Conserved
residues revealed by sequence alignment suggest their
potential roles in structural folding and/or reaction mecha-
nisms. The active-site residues forming the “aspartyl pocket”
and the conserved hydrophobic residues in this family are
clear examples (25). On the other hand, nonconserved

residues identified in functional analysis provide insight
toward specificity for protein:protein and/or protein:ligand
interactions; these residues are more likely to locate on the
surface of the protein. However, residues participating in
both molecular recognition and catalytic function are pos-
sible.

With the completion of theB. subtilisgenome sequencing
project, 34 response regulators have been identified through
sequence homology analysis (12). Sequence alignment of
these response regulators revealed some interesting charac-
teristics of Spo0F residues mentioned above. All residues
essential for RapB activity are surface exposed and are not
well conserved (except for the moderately conserved R16
and L18). In particular, tyrosine 13 of Spo0F is unique at
this position of theâ1-R1 loop; no tyrosines and only one
phenylalanine are found in equivalent sites of other response
regulators. This is well correlated with the fact that RapB
is a phosphatase which is believed to specifically dephos-
phorylate Spo0F∼P. The other response regulator in the
phosphorelay, Spo0A, is not a substrate of Rap phosphatases
(9). Consequently, the putative determinants for RapB
recognition may be absent in Spo0A. A direct comparison
of RapB-resistant Spo0F residues to Spo0A through sequence
alignment is Q12:N12, Y13:R13, R16:V16, I17:S17, L18:
L18, K56:I58, Y84:F88, and E86:Q90; clearly providing
enough differences for defining specificity. Most notably,
the corresponding residue of Y13 of Spo0F in Spo0A is R13,
a charged and bulkier functional group as compared to
tyrosine.

The remaining surface-exposed and relatively unconserved
residues causing altered RapB activity upon alanine substitu-
tion are Q12, I17, K56, and E86. It is not clear at this point
whether the first two directly engage in RapB recognition
or if they induce conformational changes of the critical
residues as they are immediately adjacent to Y13 and R16.
Particularly, the phenyl ring of Y13 is resting on top of the

FIGURE 5: Distribution of residues affecting RapB activity mapped on the Spo0F structure. Residues resulting in strong RapB resistance
upon mutation are colored in green, and those that show enhanced reactivity are colored in magenta. Residues Q12 and L19, which yield
only moderate effect, remain uncolored. (A) Space-filled model. (B) Ribbon diagram shown in the same orientation as (A). This figure was
generated by program MIDAS (A) and INSIGHT II (B).
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side chain of I17 in the crystal structure (18). Truncation
of I17 may therefore remove this favorable hydrophobic
interaction and cause structural and dynamic changes in the
N-terminus of helixR1 and the preceding loop. In the case
of K56A, it is conceivable that this residue would participate
in dephosphorylation by RapB, since K56 partially shields
the active site from solvent.

Other putative RapB-interacting residues, R16 and L18,
are relatively conserved in the response regulator family [42
and 52% (L+ I + M), respectively]. Conservation of an
arginine at residue 16 of Spo0F has been attributed to its
aliphatic methylene side chain being the hydrophobic cover
of the R1-â1 interface (25). The guanidinium group,
however, could also have a unique functional role as
discussed later. The side chain of L18 on helixR1 has
hydrophobic contacts with I108 on helixR5 and may be
important for maintaining theR1-R5 interface of Spo0F.
Reducing the butyl group of L18, but not that of I108, to a
methyl group causes the resistance to RapB. This resistance
of L18A is, therefore, likely due to specific molecular
recognition, not to nonspecific structural perturbations.

The RapB hypersensitive residues are highly conserved
residues amongB. subtilis response regulators with respect
to their size and polarity, further supporting the notion that
they are involved in maintaining the structural integrity of
the active-site skeleton. For example, either leucine or
methionine, which have the same van der Waals volume as
isoleucine, always occupies a position equivalent to I57 in
response regulators. The exclusive existence of such hy-
drophobic amino acids at this position has been suggested
to be part of the invariableγ-loop (25) that may play a role
in orienting the aspartate side chain of D54 into a more stable
local environment once phosphorylated. Analogously, F106
and L19 may be involved in the positioning of the other
active-site residue K104.

Several mutants of CheY, the chemotactic response
regulator, have been identified to give resistance to CheZ, a
phosphatase which shares no amino acid sequence homology
to the Rap phosphatases (26, 27). These phosphatase-
resistant mutations of CheY are located onR1, further down
the helix than those identified in Spo0F, and all carry charge
alterations. One mutation introduces a new negative charge
(N23D), and the others involve positive-negative charge
swapping (K26E and E27K). Therefore, certain electrostatic
interactions between CheY and CheZ were presumably
disrupted. Additionally, a mutation at the active-site residue
K109 of CheY (K109R) also gives rise to CheZ resistance.
On the contrary, our study illustrates that resistance of
Spo0F∼P to RapB is generated through truncating side
chains of residues, mostly neutral, to alanine. All of these
residues are surface exposed and are likely to interact with
RapB through hydrophobic and/or hydrogen-bonding inter-
actions. The general locations for phosphatase interaction
are similar in Spo0F and CheY, yet quite different functional
group substitutions confer resistance. RapB and CheZ are
completely different proteins carrying the same enzymatic
activity. It is conceivable that different phosphatases utilize
divergent means of interaction in order to distinguish various
phosphorylated cellular proteins.

Comparisons between bacterial response regulators and
Ras protein have been made previously (28) because both
protein families function as secondary messengers in signal

transduction systems and because the phosphoanhydride bond
of response regulator acyl-phosphate is analogous to the high-
energy Oâ-Pγ bond of Ras-bound GTP. The recently solved
crystal structure of the complex between Ras‚GDP and a
catalytic fragment of GAP and the reported mechanism for
GAP-catalyzed GTP hydrolysis (29) provide additional
grounds for expanding these comparisons to Spo0F:RapB
interactions. GAP phosphatase abbreviates the “on” state
of Ras by a factor of 105 by accelerating the slow intrinsic
rate of GTP hydrolysis (29). GAP accomplishes this task
through providing a critical catalytic arginine residue and
restraining certain conformations of Ras by which the
transition state of GTP hydrolysis is stabilized (30). An
equivalent arginine is intrinsic to theR subunit of trimeric
G protein, which has a GTPase activity∼150-fold higher
than does Ras (31). This observation argues that the
guanidinium group has comparable roles in the two signaling
proteins that utilize GTP hydrolysis. A phosphate-arginine
interaction has also been suggested in serine/threonine
phosphatase 2C, phosphotyrosine phosphatases, and acylphos-
phatases that hydrolyze carboxyl-phosphate bond of acyl-
phosphate metabolites (32, 33).

The role of Spo0F's R16 in RapB catalysis may be
analogous to that of GTP hydrolysis by Ras proteins. R16
is very mobile according to NMR relaxation experiments
and is observed to populate several conformations in the
family of Spo0F structures determined by NMR (20). One
set of structures shows the R16 guanidinium group in
hydrogen bond distance of the backbone carbonyl of D10
and D11 (2.1-3.4 Å), and another set shows this guani-
dinium group in more solvent-exposed positions. In several
structures, the R16 guanidinium group is able to extend into
the aspartyl pocket itself, lending itself as a potential ligand
for the acyl-phosphate (3.8-4.5 Å, Figure 6). Exchange
between these positions does not appear to be sterically
hindered from inspection of space-filling models of the
structures, only the position of the D10 carboxylate must

FIGURE 6: Multiple conformers of R16 on Spo0F. Two CR
backbone ribbon representations of the Spo0F family of solution
structures (ref13; Brookhaven number: 1FSP) illustrate multiple
conformers of the R16 side chain of helixR1. Three R16 conformers
are observed, (1) the guanidinium group is solvent exposed (orange),
(2) the guanidinium group is directed toward the aspartyl pocket
(red), and (3) the guanidinium group is directed at the backbone
carbonyl of D11 (not shown). The residue most affected by these
multiple positions is the relative position of D10. Illustration was
generated using INSIGHT (MSI software) and Photoshop version
4.0 (Adobe).
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move in order to accommodate the R16 guanidinium group.
The positions of Y13 and I17 are also observed in multiple
conformations; furthermore, the positions of I17, Y13, and
R16 appear to influence one another, suggesting that these
residues may behave in a concerted motion. RapB may
operate partially through constraining the motion of theâ1-
R1 loop, specifically Y13 residing in this loop, thereby
influencing the conformation of R16, I17, and D10. Upon
the formation of the RapB-Spo0F∼P complex, the guan-
idinium group could then adopt a conformation that
stabilizes the transition state of acyl-phosphate hydrolysis,
similar to that proposed in the GTP hydrolysis mechanism
of Ras. Other interpretations of the R16A phenotype are
equally plausible. For example, truncation of the arginine
side chain may remove important protein:protein contacts
between Spo0F and RapB, either those made directly with
R16 or by introducing structural changes (e.g., the conforma-
tion of Y13 through I17 interaction) that prohibit RapB
recognition.

An important factor in the ability of GAP to accelerate
GTP hydrolysis is that it can confine a mobile region of Ras
that contains a transition-state-stabilizing element (30). This
interaction between Ras and GAP mainly consists of weak
van der Waals and polar interactions. Two tyrosine residues
(Y32 and Y64) of Ras, located on the two flexible switch
regions, participate in the hydrophobic interactions. Y64F
mutation of Ras has been shown to have no effect on the
Ras-GAP interaction. The putative functional role of the
â1-R1 loop and possibly theâ4-R4 loop in RapB-catalyzed
Spo0F∼P dephosphorylation is described here to mimic the
switch regions of Ras protein. The dynamic characteristics
of these two loops have been identified in NMR structural
studies of Spo0F (20). Each contains a critical tyrosine
residue (13 and 84, respectively) whose phenolic rings act
as recognition “tags” for RapB or serve to stabilize protein:
protein interactions.

Catalysis through allosteric interactions was proposed upon
the identification of CheZ-resistant CheY mutations (26). As
demonstrated on phosphotyrosine phosphatases, vanadate can
serve as a transition-state analogue inhibitor if a phospho-
enzyme intermediate is generated in the course of catalysis.
The lack of inhibition by vanadate in RapB-catalyzed
dephosphorylation implies that RapB does not directly
participate in the release of phosphate. In other words, water
would likely be the nucleophilic reagent while RapB func-
tions as an auxiliary component. Considering that all RapB-
hypersensitive mutations are in buried residues surrounding
the active site and that autodephosphorylation and RapB-
catalyzed dephosphorylation utilize metal ions similarly,
catalysis by RapB phosphatase most likely occurs through
promotion of Spo0F∼P conformational changes that acceler-
ate autohydrolysis of phosphorylated Spo0F.
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