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ABSTRACT His-Asp phosphorelay (also known as two-component signal transduction)
proteins are the predominant mechanism used in most bacteria to control behavior in
response to changing environmental conditions. In addition to systems consisting of a
simple two-component system utilizing an isolated histidine kinase/response regulator
pair, some bacteria are enriched in histidine kinases that serve as signal integration pro-
teins; these kinases are usually characterized by noncanonical domain architecture, and
the responses that they regulate may be difficult to identify. The environmental bacte-
rium Myxococcus xanthus is highly enriched in these noncanonical histidine kinases. M.
xanthus is renowned for a starvation-induced multicellular developmental program in
which some cells are induced to aggregate into fruiting bodies and then differentiate
into environmentally resistant spores. Here, we characterize the M. xanthus orphan hy-
brid histidine kinase SinK (Mxan_4465), which consists of a histidine kinase transmitter
followed by two receiver domains (REC1 and REC2). Nonphosphorylatable sinK mutants
were analyzed under two distinct developmental conditions and using a new high-
resolution developmental assay. These assays revealed that SinK autophosphorylation
and REC1 impact the onset of aggregation and/or the mobility of aggregates, while REC2

impacts sporulation efficiency. SinK activity is controlled by a genus-specific hypothetical
protein (SinM; Mxan_4466). We propose that SinK serves to fine-tune fruiting body mor-
phology in response to environmental conditions.

IMPORTANCE Biofilms are multicellular communities of microorganisms that play
important roles in host disease or environmental biofouling. Design of preventative
strategies to block biofilms depends on understanding the molecular mechanisms
used by microorganisms to build them. The production of biofilms in bacteria often
involves two-component signal transduction systems in which one protein compo-
nent (a kinase) detects an environmental signal and, through phosphotransfer, acti-
vates a second protein component (a response regulator) to change the transcrip-
tion of genes necessary to produce a biofilm. We show that an atypical kinase, SinK,
modulates several distinct stages of specialized biofilm produced by the environ-
mental bacterium Myxococcus xanthus. SinK likely integrates multiple signals to fine-
tune biofilm formation in response to distinct environmental conditions.
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Environmental bacteria are often enriched in signal transduction proteins that allow
these organisms to adapt to rapidly changing conditions (1, 2). Proteins that

transmit information by histidine-aspartate phosphor transfer, so-called two-com-
ponent signal transduction proteins, are a common mechanism of signal transduction
(3). Genes encoding these proteins can be identified based on conserved signal
transmission modules that encode a histidine kinase (HK) domain or a receiver (REC)
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domain, which accept phosphoryl groups onto invariant histidine or aspartate residues,
respectively. Commonly, these domains are found in distinct components, a sensor
histidine protein kinase (HPK) that perceives a stimulus, and a response regulator (RR)
that mediates a response. In the canonical two-component system, the first component
is a membrane-bound HPK that contains a periplasmic sensor domain followed by the
cytoplasmic histidine kinase (HK) region (3). Upon stimuli perception by the sensing
domain, the HPK autophosphorylates onto an invariant histidine. This phosphoryl
group is transferred to an invariant aspartate in an REC domain. Most commonly, REC
domains are coupled to an effector domain which mediates a specific response (4). This
phosphorylated state promotes a conformational change leading to activation of the
effector domain (5). The most common output domain is a DNA binding element, and
the RR acts as a transcription factor to regulate gene expression (4). Often, genes
encoding the partner HK and RR proteins are adjacent and cotranscribed (6).

A hallmark of this signaling transmitter family is that HK and REC domains are
incredibly versatile, and novel signaling systems can easily evolve (7). For instance,
sensor histidine kinases may contain multiple sensing domains or lack sensing
domains. In addition, some kinases (termed hybrid histidine kinases [HyHKs])
contain one or more REC domains within the same polypeptide (1, 8). HyHKs may
participate in His1¡Asp1¡His2¡Asp2 multistep phosphorelay systems, where H2
is from a histidine phosphotransferase domain and D2 is from a terminal response
regulator. Alternatively, the HyHK REC domain(s) may serve to modulate kinase
activity or kinase output or function as a connector protein to additional kinase
proteins (9). These more complex signaling systems play an important, but some-
times hidden, role in integrating and coordinating distinct stimuli for fine-tuned
responses.

Myxococcus xanthus is a model organism in which to analyze signaling networks
needed to control community behavior (biofilms) in bacteria. These Gram-negative soil
bacteria have a life cycle that is facilitated by community behavior (10). Under nutrient-
replete conditions, they are cooperative predators; swarms of M. xanthus bacteria
release antibiotics and degradative enzymes to paralyze, lyse, and digest prey bacteria,
fungi, or decaying organic matter. Under nutrient-limited conditions, M. xanthus
swarms enter a dedicated developmental program during which cells differentiate into
the following distinct cell fates: aggregation into haystack-shaped mounds (fruiting
bodies) within which cells differentiate into environmentally resistant spores, cell lysis
likely via programmed cell death, or formation of a persister-like state (termed periph-
eral rods) which remain outside the fruiting bodies in a spatially distinct cell fate (11).
This developmental program can be considered a specialized version of biofilms
produced by the vast majority of bacteria in nature (12). Biofilms are defined as
surface-associated communities encased in a self-produced extracellular matrix within
which some cells differentiate into resistant (e.g., persister) states (13). Similarly, M.
xanthus fruiting bodies consist of polysaccharide and extracellular DNA within which
cells differentiate into resistant spores (14, 15). M. xanthus has advantages as a model
system for understanding regulatory mechanisms controlling the production of resis-
tant states in communities, because the sonication-resistant spores are easily quanti-
fiable, and peripheral rods can be easily isolated from the developing population (16).

The M. xanthus developmental program is directed by a core genetic regulatory
network that is modulated by numerous signal transduction proteins. The 9.2-Mbp M.
xanthus genome encodes large numbers of phosphohistidine/phosphoaspartate relay
proteins, serine/threonine kinases, and proteins involved in secondary messenger
signaling (17–21). Furthermore, as observed in particular with the histidine aspartate
phosphorelay proteins, many do not appear to follow the canonical “two-component”
paradigm of a single HK and RR pair encoded by adjacent genes (18). Of the more than
270 His-Asp phosphorelay proteins encoded in the M. xanthus genome, most are
genetically orphan (�55%) or located in clusters (�16%) (18, 19), and the cognate
partners are difficult to identify. Furthermore, several systems that have been charac-

Glaser and Higgs Journal of Bacteriology

March 2019 Volume 201 Issue 6 e00561-18 jb.asm.org 2

https://jb.asm.org


terized have been demonstrated to have multicomponent and complex phosphorelay
proteins (22–26).

In this study, we characterize SinK (signal integrating kinase; Mxan_4465), an orphan
hybrid histidine protein kinase consisting of a kinase module followed by two receiver
domains. We show that this protein modulates several aspects of the developmental
program, including aggregation onset, mobility of aggregates, and sporulation effi-
ciency. Some of these phenotypes were uncovered using a high-resolution submerged-
culture developmental assay in which developmental images were recorded in 96-well
tissue culture plates every 30 min. Our data suggest that SinK autophosphorylation
and/or REC1 represses aggregation onset depending on the developmental conditions
used. Furthermore, SinK autophosphorylation impacts aggregate mobility, and REC2

impacts sporulation efficiency. SinK appears also to be modulated by a genus-specific
hypothetical protein, SinM (signal integration modulator; Mxan_4466). Together, the
results of this study provide an additional example of complex signaling systems used
to integrate multiple signals to fine-tune behavior.

RESULTS
SinK controls the developmental program in response to environmental con-

ditions. sinK is predicted to encode an orphan histidine kinase that was originally
identified in a transposon mutagenesis screen designed to identify genes that control
developmental progression (K. Cho, P. I. Higgs, and D. Zusman, unpublished data). It
was also identified as a histidine kinase that is upregulated during the developmental
program (19). To study the role of this kinase further, we generated a sinK in-frame
deletion (DZ2 ΔsinK) and a strain in which this mutant was complemented with sinK
expressed from the constitutive and highly active pilA promoter (27) (ΔsinK/sinK��). We
then analyzed the resulting developmental phenotypes compared to the wild-type
parent strain, DZ2. When these strains were induced to develop on clone fruiting (CF)
nutrient-limited agar, the wild type formed few aggregates by 18 h, the ΔsinK mutant
strain had already produced numerous aggregation centers by 18 h, and the ΔsinK/
sinK�� mutant strain was delayed approximately 6 h (Fig. 1A). These three strains were
also analyzed under submerged-culture conditions, wherein vegetative cells growing in
a layer on a tissue culture well are induced to develop by replacing rich medium with
buffered salts. Interestingly, under submerged culture, both the ΔsinK and ΔsinK/sinK��

mutants aggregated with the same apparent timing, i.e., between 24 and 30 h, as the
wild type (Fig. 1B). We also measured the efficiency of heat- and sonication-resistant
spore production in each mutant at 120 h of development. The wild-type and ΔsinK
mutant strains produced similar levels of spores, while production in the ΔsinK/sinK��

mutant strain was severely reduced, with approximately 5-fold fewer spores produced
after 120 h of development. Thus, native SinK appears to influence the timing of

FIG 1 SinK influences aggregation in response to environmental conditions. (A) Developmental pheno-
type of the DZ2 wild-type (wt) and ΔsinK mutant (PH2000), and ΔsinK PrpilA-sinK (ΔsinK sinK�� mutant
PH2035) strains induced to develop on CF plates. Ten microliters containing 4 � 108 cells was spotted on
each plate, incubated at 32°C, and imaged at the indicated hours of development. (B) Developmental
phenotype of the strains indicated in panel A induced to develop under submerged culture. Half a
milliliter containing 2 � 107 cells was seeded in one well (24-well plates) and grown for 24 h in rich
medium. Development was induced by replacing the medium with starvation buffer. The numbers of
heat- and sonication-resistant spores were determined from cells harvested at 120 h of development in
submerged culture and recorded as the percentage and associated standard deviation of wild-type
spores. Bars � 1 mm.
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aggregation in response to different environmental conditions. Furthermore, the observa-
tion that overexpression (see below) of SinK reduces sporulation suggests that SinK must
either be removed or its signaling state inactivated prior to the onset of sporulation.

SinK is expressed throughout development. To examine the expression profile of
sinK throughout development, we performed quantitative real-time PCR (qRT-PCR) on
cDNA generated from RNA isolated from DZ2 at 0, 2, 4, 6, 12, 24, 30, and 36 h of
development under submerged culture. These results indicated sinK mRNA was up-
regulated within 2 h of development, peaked at 4 h (4-fold over time zero [T � 0]), and
then decreased to an average of 2-fold over T � 0 after 6 h of development (Fig. 2A).
To examine the corresponding protein levels, we generated antibodies specific to SinK
and performed a Western blot analysis on cell lysates harvested from the wild-type and
ΔsinK mutant strains developing under submerged culture. The affinity-purified anti-
serum detected Trx-His6-SinK overexpressed and purified from Escherichia coli and an
�55-kDa protein (SinK calculated molecular weight, 56.1 kDa) in the wild-type lysate
that was absent from most lanes in the ΔsinK mutant (Fig. 2B). A similar size band was
observed at 24 and 30 h in the ΔsinK mutant lysates, which corresponds to a slight
increase in signal at those time points in the wild-type lysates; we concluded that a
cross-reactive protein comigrates with SinK. Finally, we also confirmed that SinK is

FIG 2 SinK is produced in vegetative and developmental cells. (A) Quantitative real-time PCR analysis of
sinK mRNA expression. Total RNA isolated from DZ2 wild-type cells at the indicated hours of develop-
ment under submerged culture was transcribed into cDNA. sinK transcripts were detected by real-time
PCR. Data points are derived from the average of two experiments. (B) Immunoblot analysis of SinK
expression. Protein lysates (10 �g) prepared from wild-type (WT; DZ2) and ΔsinK mutant (PH2000) cells
developing under submerged culture and harvested at the indicated hours of development were
subjected to immunoblotting with anti-SinK polyclonal antisera. *, cross-reactive protein. (C) Anti-SinK
immunoblot analysis of wild-type (wt; DZ2), ΔsinK mutant (PH2000), and ΔsinK sinK�� mutant (PH2035)
lysates harvested from cells developing 0 and 24 h under submerged culture, as described above.
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highly overproduced in the ΔsinK/sinK�� mutant strain at both 0 and 24 h of devel-
opment (Fig. 2C). Since SinK was expressed from vegetative cells to at least 36 h (past
the onset of sporulation), we concluded that the activity of the SinK protein, rather than
its accumulation, is likely necessary to influence aggregation and sporulation.

SinK autophosphorylates in vitro. SinK is predicted to be a hybrid histidine kinase
containing an N-terminal kinase module and two C-terminal receiver domains (Fig. 3A)
(28, 29). To confirm that SinK is a bona fide histidine kinase, we examined whether the
protein could autophosphorylate in vitro. For these experiments, SinK was overpro-
duced and purified from E. coli using N-terminal thioredoxin solubility and hexahisti-
dine affinity tags (Trx-His6-SinK). As a control, we also generated and purified a mutant
version of this protein in which the predicted site of autophosphorylation (histidine at
position 45) was substituted with an alanine (Trx-His6-SinKH45A). When these proteins were
incubated in the presence of radiolabeled ATP ([�-32P]ATP) for 5 to 30 min and then
resolved by polyacrylamide gel electrophoresis, incorporation of the radiolabel could be
readily detected on Trx-His6-SinK but not Trx-His6-SinKH45A (Fig. 3B and data not shown).

To examine whether autophosphorylated SinK further transferred a phosphoryl
group to either of the receivers in vitro, we took advantage of the differential chemical
stabilities of phosphohistidine (acid labile, base stabile) versus phosphoaspartic acid
residues (acid and base labile) (30). For these experiments, we allowed Trx-His6-SinK to
autophosphorylate in the presence of [�-32P]ATP for 30 min, quenched the reaction
with protein sample buffer, and then divided the reaction mixture into four aliquots.

FIG 3 SinK is phosphorylated on histidine residue in vitro. (A) Schematic of SinK domain architecture as
predicted by SMART analysis (46). Predicted histidine (H) and aspartic acid (D) phosphorylation sites and
sequence position are indicated. HisKA, phosphoaccepting and dimerization domain; HATPase_c, ATP
hydrolysis domain; REC, phosphoaccepting receiver domain. (B) SinK autophosphorylation assay. Auto-
radiograph (AR) and corresponding Coomassie blue-stained gel (CS) of 10 �M Trx-His6-SinK or Trx-His6-
SinK H45A incubated in the presence of [�-32P]ATP for the indicated minutes, resolved by SDS-PAGE, and
exposed to a phosphoimager screen. (C) Chemical stability of Trx-His6-SinK�P. Trx-His6-SinK�P was
autophosphorylated for 30 min as described above, quenched, and denatured, and equivalent aliquots
were either frozen immediately or treated with HCl, water, or NaOH for 60 min at 42°C (lanes 1 to 4,
respectively). Autoradiography was used for detection as described above. (D) Quantitation of relative
band intensities from panel C. Data are the average of the results from four replicates, and error bars
display the standard deviation.
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One aliquot was immediately placed at �20°C (control reaction), and the remaining
three aliquots were additionally incubated in the presence of water, 1 M HCl, or 1 M
NaOH for 60 min at 42°C. Equivalent proportions of all four reaction mixtures were then
resolved by SDS-PAGE, and radiolabel incorporation retained on the protein was
examined and quantitated (Fig. 3C and D). Relative to the control reaction, treatment
with HCl caused a loss of more than 88% of the signal. In contrast, treatment with water
or NaOH did not significantly affect the amount of radiolabel associated with Trx-His6-
SinK. Together, these results suggested that the protein was phosphorylated solely on
H45, and phosphotransfer to either REC domain was not observed in vitro.

SinK autophosphorylation is necessary to repress aggregation on CF. We next
set out to examine whether SinK autophosphorylation or receiver domain phosphor-
ylation was necessary for protein function in vivo by generating a substitution of the
invariant histidine or aspartic acid residues which are predicted to be phosphorylated
in each domain. To examine whether kinase activity is needed, we substituted the
histidine at position 45 with an alanine (sinKH45A) in the endogenous locus. When cells
were induced to develop on CF plates, the sinKH45A mutant began to aggregate about
6 h earlier than the wild type, but it produced smaller and more numerous aggregates
than did the wild-type or ΔsinK mutant cells (Fig. 4). To next examine whether
phosphorylation of the first receiver (REC1) or second receiver (REC2) domains were
important for SinK function in vivo, we generated mutations in the endogenous sinK
locus in which the predicted phosphoaccepting aspartate codon at amino acid 306
(D306) or 436 (D436) was substituted with an alanine codon (sinKD306A or sinKD436A,
respectively) (Fig. 4). When these mutants were analyzed on CF, the sinKD306A strain
appeared to be very slightly delayed relative to the wild type, while development of the
sinKD436A strain appeared indistinguishable from that of the wild type. These sinK point
mutations did not appear to negatively impact SinK stability, because similar levels of
SinK could be detected between each mutant and the wild type, as assayed by
anti-SinK immunoblot analysis of lysates generated from developing cells (see Fig. S1
in the supplemental material).

A high-resolution submerged-culture developmental assay reveals that SinK
autophosphorylation impacts aggregate mobility, and SinK REC1 phosphorylation
likely impacts aggregation onset. Although our submerged-culture developmental

FIG 4 SinK kinase and receiver 1 are necessary for appropriate aggregation on CF developmental
medium. Developmental phenotype of wild-type (wt; DZ2), ΔsinK mutant (PH2000), sinKH45A mutant
(PH2013), sinKD306A mutant (PH2014), or sinKD436A mutant (PH2015) strains induced to develop on CF
plates as described for Fig. 1A. Bar � 1 mm.
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analyses suggested that sinK mutants did not display an obvious aggregation pheno-
type (Fig. 1B and data not shown), we speculated that the timing and mobility of the
aggregates may have been overlooked in these static assays. To gain further resolution
of the aggregation phenotypes for all the sinK mutants, we designed a high-resolution
submerged-culture developmental assay in which cells were seeded into 96-well tissue
culture plates. After 24 h of starvation, each well was imaged every 30 min for the next
48 h in an automated plate reader. Images were compiled to monitor the progression
of development in each strain (representative Movies S1 to S5). Using this method, we
could detect differences in the onset of aggregation with a resolution of 30 min.
Analysis of 15 total movies from each strain (five technical replicates from each of three
independent biological replicates) indicated that the wild-type strain began to aggre-
gate at 27.5 � 2 h of development (Fig. 5). The onset of aggregation times in the ΔsinK,
sinKH45A, and sinKD436A mutants were not significantly different from that in the wild
type (26 � 1, 28 � 3, and 28 � 3.5 h development, respectively). In contrast, the
sinKD306A mutant showed a strongly delayed onset of aggregation (46 � 8 h develop-
ment) (Fig. 5).

We also quantified other characteristics of aggregate formation, including maximum
observed initial aggregates and final number of fruiting bodies at 72 h of development
(Fig. 6A), as well as relative mobility of aggregates (Fig. 6B). These analyses revealed
that the wild-type strain initially produced 3 to 14 aggregates that either dissolved or
coalesced to much fewer (3 to 6) fruiting bodies (Fig. 6A). These aggregates were
mobile for 21 � 12 h (Fig. 6B). The ΔsinK and sinKH45A mutants produced a similar
number of aggregates as the wild type (from 4 to 14 and 4 to 13 aggregates,
respectively), but ultimately, most of these aggregates produced mature fruiting bodies
(4 to 12 and 4 to 14, respectively) (Fig. 6). Correspondingly, the aggregates produced
by these mutants were mobile for only 11 � 7 and 0 � 0 h, respectively (Fig. 6). The
sinKD436A mutant produced a wide range of aggregates (1 to 18) that matured into a
similar range of fruiting bodies (1 to 15); these aggregates displayed no mobility
(0 � 0 h). The sinKD306A mutant mostly produced fewer aggregates (1 to 10) that failed
to mature in the time frame measured (Fig. 6); we did not calculate the average
aggregate mobility because aggregates were still moving by the final frame recorded.
Together, these results suggested that SinK REC1 phosphorylation is necessary to
efficiently induce aggregation, whereas SinK autophosphorylation and REC2 phosphor-
ylation played a role in transition into immobile fruiting bodies.

FIG 5 Summary of sinK mutant developmental phenotypes under high-resolution submerged culture.
Analysis of aggregation onset using high-resolution submerged-culture assays. A volume of 0.15 ml
containing 2 � 107 cells of wild-type (wt; DZ2), ΔsinK mutant (PH2000), sinKH45A mutant (PH2013),
sinKD306A mutant (PH2014), sinKD436A mutant (PH2015), sinM insertion mutant (sinM::pMG011; PH2018),
and Δ(sinKM) mutant (PH2009) strains was seeded in one well (96-well microtiter plates) and grown for
24 h in rich medium. Development was induced by replacing the medium with starvation buffer. Cells
were imaged every 30 min from 24 to 72 h of development. Data are summarized from three indepen-
dent biological replicates each containing five technical replicates. The first frame in which aggregates
could be identified was used to calculate the aggregation onset for each movie. Average (avg.) time and
associated standard deviation of aggregation onset are displayed above the relevant mutants.
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SinK REC2 phosphorylation is likely necessary for appropriate sporulation. Analysis
of the sinK mutants under a high-resolution submerged-culture assay suggested that
these mutants transitioned from mobile aggregates to stationary fruiting bodies more
rapidly than did the wild type. We hypothesized that aggregate mobility could be
affected by the onset of sporulation because spores are clearly nonmotile. We therefore
next examined the rate at which spores were produced in each of these mutants when
they were developed under submerged culture for 48, 72, or 120 h of starvation. The
wild type produced 1.7 (�1.4) � 106 spores per well at 48 h development, which
increased to 1.7 (�0.4) � 107 spores by 120 h of development (Fig. 7). The ΔsinK mutant
produced spores at a rate which was not significantly different from that of the wild
type. Interestingly, the sinKH45A mutant produced more spores than did the wild type

FIG 6 SinK mutants display reduced aggregate mobility. (A) Analysis of the maximum number of initial
aggregates (white circles) and the final number of stationary fruiting bodies (black circles) observed with
wild-type (wt; DZ2), ΔsinK mutant (PH2000), sinKH45A mutant (PH2013), sinKD306A mutant (PH2014),
sinKD436A mutant (PH2015), sinM insertion mutant (sinM::pMG011; PH2018), and Δ(sinKM) mutant
(PH2009) strains developed by high-resolution submerged culture (as for Fig. 5). Gray circles represent
immature aggregates observed at 72 h of development. The diameter of the circles corresponds to the
incidence of a given number of aggregates or fruiting bodies observed, as indicated by the legend. Lines
connect the number of maximum aggregates and final fruiting bodies observed in a given well. (B)
Representative relative mobility of aggregates observed by the strains in panel A. Equivalent areas of
individual frames are displayed from the hours of development indicated in the frame corners. Arrows
denote the leading edge of mobile aggregates. Average hours of aggregate mobility and associated
standard deviation are indicated below the last frame. ND, not determined.
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by 48 h, but by 72 and 120 h, the number of spores was not significantly different from
that of the wild type. Analysis of the sinKD306A mutant indicated that sporulation was
strongly delayed and reduced, consistent with the delay in aggregation observed in this
mutant. Surprisingly, spore production in sinKD436A mutant cells was at least 2-fold
increased at each time point, ultimately producing �3-fold more spores than the wild
type at the completion of development. Together, these results suggested that SinK
REC2 phosphorylation might delay sporulation, thus increasing the time period of
aggregate mobility. The different roles of kinase autophosphorylation and REC1 and
REC2 phosphorylation suggested an unusual method of signaling control in this
protein.

sinK is cotranscribed with a gene encoding a hypothetical protein that is specific
to the Myxococcales. SinK is an unusual signal transduction protein for which both an
obvious sensor domain and output domain are lacking (Fig. 3A). In attempt to identify
additional components that may activate or serve as effectors for SinK activity, we
turned to genes near sinK. Analysis of the genetic locus suggested that the stop codon
predicted for sinK overlaps a predicted start codon for the adjacent downstream gene,
sinM (Mxan_4466) (Fig. S2A). To determine whether sinK and sinM are cotranscribed, we
isolated DNA-free RNA from wild-type cells induced to develop for 3 h and reverse
transcribed it into cDNA using a reverse primer specific to a region starting 247 bp
downstream from the predicted sinM start codon. When this cDNA reaction was used
as the template in a PCR, we could amplify two regions spanning the 3= end of sinK and
the start of sinM, bp �53 to �145 of sinM and bp �177 to �145 (Fig. S2A, regions 2/3
and 5/3, respectively, and B). We could also amplify bp 1195 to 1338 of sinK (Fig. S2A,
regions 4 to 6, and B). Identical amplicons were detected if genomic DNA was used as
the template. Amplicons were not detected using control cDNA reactions in which the
reverse transcriptase was omitted (Fig. S2B). Thus, sinK and sinM are transcribed into the
same polycistronic mRNA. Because the genes flanking sinK and sinM are predicted to be
transcribed from the opposite direction, the operon likely consists solely of these two
genes.

To begin to understand the function of SinM, we next subjected the protein
sequence to bioinformatic analyses. pBLAST analysis indicated that no characterized
functional domains could be identified, and SinM was annotated as a hypothetical
protein with homologs (E value � 10�10) only within the Myxococcus genus (Fig. S4).
In the species where sinM homologs were detected, synteny was conserved with sinM
located between sinK and a groEL homolog (Fig. S4). In myxobacterial species that
lacked sinM homologs, sinK was located adjacent to the groEL homolog. Together, these

FIG 7 SinK receiver 2 and SinM are necessary for appropriate sporulation. Numbers of heat- and
sonication-resistant spores produced at the indicated time from wild-type (wt; DZ2), ΔsinK mutant
(PH2000), sinKH45A mutant (PH2013), sinKD306A mutant (PH2014), sinKD436A mutant (PH2015), sinM inser-
tion mutant (sinM::pMG011; PH2018), and Δ(sinKM) mutant (PH2009) strains induced to develop under
submerged culture in 24-well tissue culture plates are shown, as described for Fig. 1. Data are presented
as average and associated standard deviation of the results from triplicate replicates. Similar trends were
observed in two independent biological replicates.
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data suggested that SinM was likely involved in modulating SinK activity in a process
that was restricted to Myxococcus species. We next investigated the phenotype of a
sinM disruption mutant as a first step to determine whether they may function
together.

SinM acts through SinK to control aggregation and/or sporulation. To examine
whether SinM also plays a role in the regulation of development, we generated an
insertion mutant in which sinM was disrupted after codon 221. When this mutant was
analyzed for development on CF plates, aggregation was not observed until approxi-
mately 24 h later than for the wild type (Fig. 8). We were unable to generate an in-frame
deletion of sinM. As an alternate approach, we converted the TGC codon at position 15
to a TGA stop codon via a cytosine-to-adenine substitution (sinMstop). This mutant
produced a strongly delayed developmental phenotype similar to that produced by the
sinM disruption (Fig. S3). As the ΔsinK and sinM mutants displayed opposing pheno-
types, we next examined the CF developmental phenotype of a mutant in which the
entire sinKM locus was deleted. This Δ(sinKM) mutant phenocopied the ΔsinK mutant,
in that cells began to aggregate at least 6 h earlier than in the wild type (Fig. 8).

Further analysis of the sinM and Δ(sinKM) mutants by high-resolution submerged-
culture assay indicated that the onset of aggregation was 25.5 � 1 and 26.6 � 0.7 h,
respectively, which was indistinguishable from all mutants except that of the strongly
delayed sinKD306A (Fig. 5 and Movies S6 and S7). Only subtle differences were observed
in the maximum aggregates and mature fruiting bodies produced by sinM and Δ(sinKM)
mutants (Fig. 6A). Strikingly though, the sinM aggregates were essentially immobile
(aggregate mobility [Aggm], 1 � 1.5 h), while the Δ(sinKM) mutant aggregate mobility
was similar to that of the ΔsinK mutant (Aggm, 13 � 6 and 11 � 7 h, respectively) (Fig.
6B). Finally, the sinM mutant displayed enhanced sporulation at 72 and 120 h of
development (	2-fold higher than that of the wild type and similar to levels observed
in the sinKD436A mutant) (Fig. 7). In contrast, the Δ(sinKM) mutant sporulation efficiency
was similar to that of the ΔsinK mutant (Fig. 7). Together, these data suggest that (i) the
sinK phenotype is epistatic to that of sinM, suggesting that SinM functions via modu-
lation of SinK activity, (ii) SinM induces aggregation on CF medium likely by antago-
nizing phosphorylated SinK (SinK�P), and (iii) SinM increases aggregate mobility and
reduces sporulation efficiency likely via modulation of SinK REC2 phosphorylation.

DISCUSSION

In this study, we characterized an unusual hybrid histidine protein kinase, SinK,
which consists entirely of His-Asp phosphorelay signal transmission domains: an amino-
terminal kinase domain followed by two receiver domains (Fig. 3A). We could show that
SinK readily autophosphorylated in vitro, but we did not detect phosphotransfer to its

FIG 8 Genetic analysis suggests that sinM encodes a protein necessary to stimulate aggregation through
SinK. Developmental phenotype of wild-type (wt; DZ2), ΔsinK mutant (PH2000), sinM insertion mutant
(sinM::pMG011; PH2018), or Δ(sinKM) mutant (PH2009) strains induced to develop on CF plates, as
described for Fig. 1A. The ΔsinK phenotype is epistatic to the sinM phenotype. Bars � 1 mm.
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two associated REC domains (Fig. 3B and C). Genetic evidence strongly suggested that
phosphorylation of the REC domains is important in vivo, and that SinK kinase auto-
phosphorylation is likely not the phosphodonor (discussed below). Instead, we propose
that one or more unknown protein kinases likely phosphorylate the SinK receiver
domains in a process which can be modulated by the hypothetical protein SinM. Using
a newly developed high-resolution submerged-culture assay, we observed that SinKM
appeared to act together on several distinct stages in M. xanthus development, as
follows: aggregate onset, dissolution of aggregates and/or aggregate mobility, and
sporulation efficiency.

Although not definitive, a possible model for how SinKM could function is outlined
here. Under submerged-culture development, SinK REC1 must be phosphorylated to
allow appropriate aggregation onset, because the unphosphorylated state of SinK REC1

actively prevents aggregation onset, perhaps by preventing the accumulation of
protein necessary to stimulate aggregation. This aspect is supported by the observation
that the sinKD306A mutant is strongly delayed in aggregation, but if the entire protein
is absent (ΔsinK mutant), normal aggregation onset is observed (Fig. 5). We propose
that SinK REC1 is phosphorylated by an unknown kinase activated under submerged-
culture conditions, because the sinKH45A mutant is not likewise delayed. After the
formation of aggregation centers, SinK can be stimulated to autophosphorylate, which
then delays the transition to stationary fruiting bodies, because the sinKH45A mutant
produces stationary aggregates that rarely dissolve or travel (Fig. 6). During this period,
we propose that SinM may antagonize SinK autophosphorylation and promote SinK
REC2 phosphorylation to promote aggregate mobility and delay sporulation onset and
efficiency, because both the sinKD436A and sinM mutants display reduced aggregate
mobility and sporulate more efficiently than the wild type (Fig. 7). Again, the SinK
kinase domain is likely not the sole phosphodonor for REC2 because the sinKH45A

mutant displays wild-type sporulation levels. It is likely that the phosphorylation state
of the kinase domain or either receiver domain influences the activity of the others,
which would serve to coordinate the activities regulated by each domain. This possi-
bility could be supported by analysis of developmental phenotypes displayed by
double point mutants (e.g., sinKD306A D436A), but for unknown reasons, we were unable
to recover this (or any other combination) double substitution in sinK.

Our data also suggest that SinK autophosphorylation and SinM activity are influ-
enced differently when cells are induced to develop on CF agar. Under CF conditions,
the sinKH45A and ΔsinK mutants began to produce aggregation centers earlier than did
the wild type (Fig. 4), while the sinM mutant was strongly delayed (Fig. 8). These data
suggested that SinK autophosphorylates when cells are in the preaggregation stage to
repress aggregation onset. In addition, SinM appears to antagonize SinK autophos-
phorylation. The nature of the stimuli that influence SinK and SinM in the preaggre-
gation stage under CF (but not submerged-culture) conditions is not known, but
differences in the two developmental conditions involve nutrient levels, substratum
surface, differences in oxygen availability, and number of cells. We ruled out cell
number, because induction of development with a range of cell densities did not alter
the relative difference in aggregation onset between the ΔsinK mutant and wild-type
strains (our unpublished data). SinM is likely responding to inputs to modulate SinK
domains, but there is little clue as to its exact function. SinM is annotated as a
hypothetical protein that contains a domain of unknown function (DUF5050). The gene
is so far only identified in the Myxococcus genus, although sinK is found throughout the
Cystobacteraceae (see Fig. S4 in the supplemental material). Thus, sinM appears to be a
recently acquired gene, and its modulation of SinK function may be an example of
niche-specific adaptation.

It is also unknown how SinK may be influencing the different aspects of the
developmental program. One possibility is that SinK targets a core developmental
protein that plays a role in both aggregation and sporulation, such as the global
transcriptional regulator MrpC (31, 32). Consistently, our initial analyses suggested that
MrpC protein accumulates early in the ΔsinK mutant and is repressed in the ΔsinK/
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sinK�� mutant strain (our unpublished data). We are currently further exploring this
hypothesis.

What advantage does this complex signaling system provide for M. xanthus? The
observed differences in phenotype depending on developmental conditions suggest
that SinKM may serve to adapt fruiting bodies to specific environmental conditions. It
is tempting to speculate that in wild-type cells, aggregate mobility allows groups of
cells to optimize fruiting body size or to make one last attempt to explore the
environment before committing the group to sporulation. Perhaps producing larger,
coalesced fruiting bodies (via stimulation of SinK autophosphorylation) provides a
fitness advantage, because they provide greater protection from environmental insults
and/or facilitate dispersal of larger groups of cells to new environments to allow
germination into more productive feeding colonies. However, in certain environments,
it may be more advantageous to quickly produce fruiting bodies (via decreasing
phosphorylated REC2 [REC2�P]). Alternatively, by launching sporulation earlier, more
energy resources are available for the production of resistant spores, such as the
expensive production of the spore coat (33).

Although the model of SinKM function seems unusually complex, it belongs to an
increasing list of characterized multidomain and/or multicomponent signaling proteins
that appear to coordinate aspects of the M. xanthus developmental program. Examples
include the RodK/RokA system, consisting of a triple receiver hybrid histidine kinase
and single-domain response regulator that influence appropriate localization of spores
within fruiting bodies (22, 34); the EspA/EspC system, hybrid histidine kinases that
cross-phosphorylate to regulate appropriate timing and spore location via turnover of
the major transcription factor MrpC (25, 35); the RedCDEF four-component system
necessary for appropriate aggregation timing (23); the CrdA/S system necessary for
appropriate developmental entry (24); the PilSR/S2R2 system necessary for coordinated
type 4 pilus regulation (26); and the FrzE/FrzZ/FrzX system that serves to coordinate cell
reversals necessary for M. xanthus-directed movement (36). These complex integrated
strategies appear to be common in environmental bacteria and likely allow for inte-
grated responses to rapidly changing environmental conditions (37).

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are

listed in Table 1. Escherichia coli strains were grown under standard laboratory conditions in LB medium
and supplemented with 50 �g ml�1 kanamycin and/or 100 �g ml�1 ampicillin where necessary (38). M.
xanthus strains were grown under vegetative conditions in Casamino Acids-yeast extract (CYE) broth
(with shaking at 250 rpm) or on CYE-1.5% agar plates (39) at 32°C and supplemented with 100 �g ml�1

kanamycin where necessary.
Construction of plasmids and strains. The plasmids and primers used in this study are listed in

Table S1 in the supplemental material. Plasmids used to generate in-frame deletions or point mutations
were constructed by using overlap PCR with the indicated primers. The overlap PCR protocol is described
in detail elsewhere (40). The fused PCR product was cloned into the indicated sites of pBJ114. All plasmid
inserts were sequenced to confirm the absence of PCR-generated errors, and point mutations in the M.
xanthus genome were confirmed by sequencing PCR products amplified from the mutant genome.

Strains bearing in-frame deletions or point mutations in endogenous loci were generated using the
plasmids indicated in Table S1 and the kanamycin-resistant/galK-positive/negative-selection strategy
(41), as described in detail previously (40). Strains bearing plasmids integrated at the genomic attB site
were generated by site-specific recombination with plasmids bearing the Mx8 phage attP site (42);
integration was selected by plasmid-borne resistance to kanamycin at 100 �g ml�1. Proper integration
was confirmed by PCR, as per Magrini et al. (42). Strains were then single colony purified to ensure pure
mutant cultures.

Developmental assays. Development of M. xanthus strains on CF plates was performed as described
previously (40). Briefly, vegetative cells were harvested from broth culture, washed with MMC salts
(10 mM morpholinepropanesulfonic acid [MOPS] [pH 7.6], 4 mM MgSO4, 2 mM CaCl2), and resuspended
to an absorbance at 550 nm (A550) of 7 in MMC, and 10-�l spots were applied to CF plates (39).
Development under submerged culture was performed as described previously (40). Briefly, cells were
grown overnight in CYE broth and diluted to an A550 of 0.035 in fresh CYE medium, and then 16.0 ml,
0.5 ml, or 0.15 ml was seeded into 100-mm petri dishes, one well of a 24-well plate, or one well of a
96-well plate, respectively. Cells were grown into a confluent layer for an additional 24 h at 32°C. To
initiate the developmental program, CYE was replaced by an equivalent volume of MMC, followed by
continued incubation at 32°C. Pictures were recorded with a Leica M80 stereomicroscope at the times of
development indicated in each figure.
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For analysis of 96-well submerged cultures, each strain was seeded into 5 wells and induced to
develop as described above. After 24 h of development (T � 24), plates were placed in a Tecan Spark M10
plate reader (preheated to 32°C), and the center of each well was imaged every 30 min for the next 48
h (T � 24 to 72 h development). The resulting images were assembled with ImageJ (43). For each movie
generated, the frame in which aggregation was first observed was recorded and the time of develop-
ment was calculated. Maximum aggregates were enumerated from the single frame in which the most
aggregation centers were observed. Final fruiting bodies were enumerated from the last frame recorded
(at T � 72 h). Data were compiled from three independent biological experiments, each with 5 replicates
per strain. Aggregate mobility was calculated as [(Aggmf � Aggmi) � 0.5 h/frame], where Aggmi was the
first frame in which fully formed aggregates made net x/y displacement, and Aggmf was the first frame
in which aggregates made no net x/y displacement. Average aggregate mobility was calculated from at
least two replicates in two independent biological experiments.

Sporulation assays. To determine the number of spores produced, cells were induced to develop
under submerged culture in 24-well tissue culture plates. For each time point, triplicate samples of
developing cells were harvested from wells and pelleted for 5 min at 13,000 � g, and the supernatant
was removed and stored at �20°C until further use. Pellets were resuspended in 0.5 ml of sterile water,
heated at 50°C for 60 min, and sonicated at 30% output for 15 s (0.5-s pulses) using a microtip and
Branson Sonifier 250 (Branson Ultrasonics). Phase-bright spores were counted with a Helber bacteria
counting chamber (Hawksley, UK) and reported as the average and associated standard deviation of the
total spores per 24-well culture.

Quantitative real-time PCR. sinK mRNA levels were examined using quantitative real-time reverse
transcriptase PCR. The wild-type strain DZ2 was developed under submerged culture in 100-mm petri
dishes as described above. Total RNA was isolated using the hot phenol method (44), treated with
RNase-free DNase I (Fermentas), and transcribed into cDNA using random hexamer primers (Amersham)
and SuperScript III reverse transcriptase (Invitrogen), as described previously in detail (44). Real-time PCR
was performed in a 7300 real-time PCR system (Applied Biosystems) using SYBR green PCR master mix
(Applied Biosystems), sinK primers (oPH1432/oPH1433), and 2 �l of 1:20 dilutions of cDNA reaction
mixtures in 26-�l total reactions for each time point in duplicate. Control reactions using mock cDNA
reaction mixtures (reverse transcriptase omitted) or 10, 1, 0.1, or 0.01 ng genomic DNA were also
performed. The real-time PCR cycle conditions were as follows: 50°C for 2 min, 95°C for 10 min, and 40
cycles of 95°C for 15 s and 60°C for 1 min. Melting and dissociation curves were determined using 95°C
for 15 s, 60°C for 30 s, and 95°C for 15 s; single peaks were verified for each sample. Threshold cycle (CT)

TABLE 1 Strains and plasmids used in this work

Strain or plasmid Genotype or descriptiona Source or reference

Strains
M. xanthus

DZ2 Wild type 39
PH2000 DZ2 ΔsinK This study
PH2035 PH2000 attB::pMG017 (Prpil-sinK) Kmr This study
PH2013 DZ2 sinKH45A This study
PH2024 DZ2 sinKD306A This study
PH2015 DZ2 sinKD436A This study
PH2018 DZ2 sinM::pMG011 Kmr This study
PH2016 DZ2 sinMstop This study
PH2009 DZ2 Δ(sinKM) This study

E. coli
TOP10 F� endA1 recA1 galE15 galK16 nupG rpsL ΔlacX74

�80lacZΔM15 araD139 Δ(ara leu)7697 mcrA
Δ(mrr-hsdRMS-mcrBC) ��

Invitrogen

GJ1158 F� ompT gal dcm lon hsdSB(rB
� mB

�)
proUp::T7 RNAP

45

Plasmids
pBJ1114 galK Kmr 47
pSWU30 Mx8 attP Kmr 48
pΔMXAN4465 pBJ114 ΔsinK Kmr 19
pMG017 pSL8 PrpilA-sinK Kmr This study
pMG008 pBJ114 sinKH45A Kmr This study
pMG009 pBJ114 sinKD306A Kmr This study
pMG010 pBJ114 sinKD436A Kmr This study
pMG011 pBJ114 ΔsinM Kmr This study
pMG012 pBJ114 sinMstop Kmr This study
pMG004 pBJ114 Δ(sinKM) Kmr This study
pET32a Trx-His overexpression vector, Apr Novagen
pMG022 pET32a sinK Apr This study
pMG023 pET32a sinKH45A Apr This study

aKmr, kanamycin resistant; RNAP, RNA polymerase; Apr, apramycin resistant.
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values for each reaction were assigned automatically by the system software (7300 System SDS software
version 1.2.3). Average CT values were calculated from two technical replicates. sinK primer efficiency of
1.906 was calculated from a standard curve of genomic DNA. The relative fold induction of sinK was
determined as 1.906�(CT sample – CT T�0), and the average fold induction from two replicate experiments
versus time of development was plotted.

Overexpression and purification of recombinant protein. pET32a plasmids carrying sinKWT

(pMG022) or sinKH45A (pMG023) were expressed in the salt-inducible E. coli strain GJ1158 (45). Cultures
were grown with shaking (220 rpm) to early mid-logarithmic phase (optical density at 600 nm [OD600],
0.5) at 37°C, transferred to 18°C, and further incubated until late-mid-logarithmic phase (OD600, 0.7). To
induce recombinant proteins, 300 mM NaCl (final concentration) was added, and cells were further
incubated overnight at 18°C. Cultures were harvested and stored at �20°C. We could detect no insoluble
Trx-SinK produced under these conditions.

Cell pellets were resuspended in binding buffer (50 mM Tris [pH 7.6], 300 mM NaCl, 20 mM imida-
zole), supplemented with 1:150 mammalian protease inhibitor cocktail (Sigma), and disrupted by French
press (18,000 lb/in2) in three cycles. Lysates were cleared first by centrifugation at 3,500 � g for 15 min
4°C and again by centrifugation at 20,000 � g for 30 min at 4°C. Trx-His6-SinK proteins were purified
using a fast protein liquid chromatography (FPLC) affinity system (Äkta Technology, GE Healthcare) using
a 1-ml HisFF1 trap nickel affinity column (GE Healthcare) with a flow rate of 1 ml/min at 4°C. The column
was washed with 15 to 25 column volumes (CV) of binding buffer, and elution was performed by a
gradient of 20 to 500 mM imidazole supplemented to the binding buffer. One-milliliter fractions were
collected and resolved by SDS-PAGE, and fractions containing peak Trx-His6-SinK proteins were pooled
and dialyzed overnight at 4°C against storage buffer (50 mM Tris [pH 8], 10% [vol/vol] glycerol, 150 mM
NaCl, 1 mM dithiothreitol [DTT]).

In vitro phosphorylation and phosphor stability assays. For in vitro phosphorylation assays, 10 �M
purified protein in phosphorylation reaction buffer (storage buffer supplemented with 5 mM MgCl2,
50 mM KCl) was incubated with 0.5 mM ATP and 1.7 �M [�-32P]ATP (222 TBq/mmol; Hartmann Analytic,
Braunschweig, Germany) for 0 to 60 min at 32°C. For each time point, a 10-�l sample was quenched
with an equal volume of 2� LSB (125 mM Tris-HCl, 20% [vol/vol] glycerol, 4% [wt/vol] SDS, 10%
�-mercaptoethanol, 0.02% [wt/vol] bromophenol blue) and immediately frozen at –20°C. Samples were
resolved by SDS-PAGE (12% acrylamide gels), exposed to a storage phosphor screen (GE Healthcare)
overnight, and analyzed using a Storm 800 imaging system (GE Healthcare). Gels were subsequently
stained with Coomassie blue dye.

To test the chemical stability of phosphor groups on SinK, an autophosphorylation reaction was
performed for 60 min and quenched as described above, and 20-�l aliquots were either frozen
immediately at –20°C or treated with 4 �l of 1 M NaOH, 1 M HCl, or H2O, and incubated for 1 h at
42°C (30). The reactions were resolved, and 32P-labeled SinK was detected as described above. Signal
intensities were quantified using ImageJ 1.43u and plotted using Excel. Gels were subsequently
stained using Coomassie blue dye.

Generation of anti-SinK immunosera. Rabbit anti-SinK antibodies were generated by Eurogentec
(Belgium) using a 28-day immunization program. Anti-SinK antibodies were affinity purified from
immune serum using purified Trx-His6-SinK. Briefly, 2 ml serum was purified against 1 mg Trx-His6-SinK
resolved by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane
was stained with 0.1% (wt/vol) Ponceau S and 5% acetic acid, and the Trx-His6-SinK strip of membrane
was cut out, destained with water, washed with glycine buffer (100 mM glycine [pH 2.5]), washed twice
with TBS-T (20 mM Tris [pH 7.4], 500 mM NaCl, 0.05% [vol/vol] Tween 20), and blocked in 3% (wt/vol)
bovine serum albumin (BSA) in TBS-T for 2 h at room temperature (RT) with rotation. Two milliliters of
serum in 8 ml TBS-T was incubated with the PVDF strip overnight at 4°C. The strip was then washed once
in TBS-T for 2 min and twice with phosphate-buffered saline (PBS) for 5 min. To elute anti-SinK-specific
antibodies, 1 ml of glycine buffer was added for 10 min, and the supernatant was immediately neutral-
ized with 125 �l of 1 M Tris (pH 8.0). BSA and sodium azide were added to 1 mg ml�1 and 0.002%,
respectively, and aliquots were stored at �20°C.

Cell lysate preparation and immunoblot analysis. For immunoblotting of developing cell lysates,
M. xanthus strains were developed in 100-mm petri dishes, as described above. At the indicated time
points, cells were harvested, pelleted at 4,696 � g and 4°C for 10 min, resuspended in 400 �l MMC-PI
(MMC containing 1:20 dilution mammalian protease inhibitor cocktail; Sigma), and disrupted by beating
with 0.1-mm zirconium beads six times for 45 s at 6.5 m s�1 at 4°C. Protein concentration was determined
using a bicinchoninic acid (BCA) assay (Pierce), and samples were prepared to 2 �g �l�1 in 2� LSB and
heated at 99°C for 5 min. Ten micrograms of each sample was resolved by denaturing SDS-PAGE on 8%
polyacrylamide (29:1) gels and transferred to PVDF membranes using a semidry transfer apparatus
(Hoefer). Western blot analyses were performed using affinity-purified anti-SinK primary antibodies at a
1:100 dilution probed overnight at 4°C. Goat anti-rabbit IgG secondary antibodies conjugated to
horseradish peroxidase (HRP; Pierce) were used at a dilution of 1:20,000, and signal was detected with
enhanced chemiluminescence substrate (Thermo Fisher Scientific), followed by exposure to autoradiog-
raphy film (Kodak).

Operon analysis. cDNA was generated by reverse transcription of mRNA isolated from M. xanthus
DZ2 cells induced to develop under submerged culture for 3 h as described above, except reverse primer
oPH1025 specific to MXAN_4466 was used. A mock reaction in which reverse transcriptase was replaced
with water was also performed. PCRs using 2 �l of a 1:20 dilution cDNA reaction or mock reaction
mixture, or 200 ng genomic DNA as the template and primers specific to internal sinK (oPH996/oPH997)
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fragments, internal sinM (oPH1027/oPH1028) fragments, or the sinK-sinM junction (oPH1026/oPH1028)
were performed as described previously (44).
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