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Respiration control of multicellularity
in Bacillus subtilis by a complex

of the cytochrome chain with a
membrane-embedded histidine kinase

Ilana Kolodkin-Gal,'* Alexander K.W. Elsholz,"* Christine Muth,” Peter R. Girguis,
Roberto Kolter,>® and Richard Losick!®

'The Biological Laboratories, Harvard University, Cambridge, Massachusetts 02138, USA; Department of Microbiology
and Immunobiology, Harvard Medical School, Boston, Massachusetts 02115, USA

Bacillus subtilis forms organized multicellular communities known as biofilms wherein the individual cells are
held together by a self-produced extracellular matrix. The environmental signals that promote matrix synthesis
remain largely unknown. We discovered that one such signal is impaired respiration. Specifically, high oxygen levels
suppressed synthesis of the extracellular matrix. In contrast, low oxygen levels, in the absence of an alternative
electron acceptor, led to increased matrix production. The response to impaired respiration was blocked in a mutant
lacking cytochromes caaz and bc and markedly reduced in a mutant lacking kinase KinB. Mass spectrometry of
proteins associated with KinB showed that the kinase was in a complex with multiple components of the aerobic
respiratory chain. We propose that KinB is activated via a redox switch involving interaction of its second
transmembrane segment with one or more cytochromes under conditions of reduced electron transport. In addition,
a second kinase (KinA) contributes to the response to impaired respiration. Evidence suggests that KinA is activated
by a decrease in the nicotinamide adenine dinucleotide (NAD*)/NADH ratio via binding of NAD" to the kinase in
a PAS domain A-dependent manner. Thus, B. subtilis switches from a unicellular to a multicellular state by two

pathways that independently respond to conditions of impaired respiration.

[Keywords: Bacillus subtilis; biofilms; histidine kinase; respiration; cytochromes]
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Bacterial cells are constantly faced with the challenge of
having to adapt to changes in their environment. One
such adaptation is the formation of multicellular com-
munities known as biofilms in which cells are held
together by a self-produced extracellular matrix (Branda
et al. 2005; Kolter and Greenberg 2006). Cells in biofilms
are typically more resistant to various environmental
stresses than are free-living bacteria (Costerton et al.
1999; Mah and O’Toole 2001). Many bacteria are capable
of producing biofilms. However, the mechanisms by
which cells sense and respond to environmental cues by
switching to a multicellular state are poorly understood.
A highly accessible experimental system for studying
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biofilm formation is Bacillus subtilis. This spore-forming,
Gram-positive bacterium forms architecturally complex
biofilms on solid surfaces and at air-liquid interfaces
(such floating biofilms are known as pellicles) (Branda
et al. 2001; Aguilar et al. 2007). B. subtilis biofilms are
characterized by a high degree of wrinkling, which is
a consequence of, and represents a direct readout for,
matrix production. The matrix consists of an exopoly-
saccharide, which is produced by enzymes encoded by the
15-gene epsA-O operon (henceforth simply eps) and
amyloid-like fibers specified by the tapA-sipW-tasA
operon (henceforth tapA) (Branda et al. 2004; Chu et al.
2006; Romero et al. 2010, 2011). These operons are under
the negative control of a dedicated regulator of matrix
production, the repressor SinR, and a global repressor of
genes expressed in stationary phase AbrB (Chu et al. 2006;
Chai et al. 2008). Relief from repression is mediated by
the response regulator SpoOA, which, when phosphory-
lated, turns on the synthesis of a SinR anti-repressor, Sinl,
and represses the gene for AbrB (as well as turning on the
synthesis of an AbrB anti-repressor, AbbA) (Banse et al.
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2011). Anti-repression of SinR also derepresses the syn-
thesis of a second SinR anti-repressor, SIrR, which in turn
sets up a self-reinforcing cycle of SIrR production and
matrix operon expression (Chu et al. 2008; Chai et al.
2010a,b). Thus, the key determinant for matrix produc-
tion is SpoOA~P. This phosphoprotein is also the master
regulator for entry into the process of spore formation;
indeed, the original focus of studies of SpoOA~P was in
the context of sporulation (Burbulys et al. 1991). Low to
intermediate levels of SpoOA~P turn on the gene for Sinl
and turn off the gene for AbrB and hence derepress matrix
operons. However, when SpoOA~P reaches high levels,
production of Sinl is repressed, and genes that initiate
sporulation, whose promoters have a relatively low
affinity for the phosphoprotein, are switched on (Chai
et al. 2008, 2011). Here we are concerned with the environ-
mental signals that lead to the phosphorylation of SpoOA
and the mechanisms by which these signals are sensed and
transduced into the activation of the response regulator.

Phosphorylation of SpoOA is governed by a phosphore-
lay that transfers phosphoryl groups from histidine ki-
nases via two intermediary proteins (SpoOF and Spo0OB) to
the response regulator. Five histidine kinases (KinA-E)
feed phosphoryl groups into the relay, but only four
(KinA, KinB, KinC, and KinD) contribute significantly
to biofilm formation, and only two (KinA and KinB) play
an important role in spore formation (Burbulys et al. 1991;
LeDeaux et al. 1995; Tzeng et al. 1998; McLoon et al.
2011). Evidence indicates that KinD directly or indirectly
responds to an unknown small molecule signal released
from the roots of tomato plants (which B. subtilis
colonizes to form a protective barrier against pathogens)
(Chen et al. 2012a,b). KinD independently can detect the
presence of the extracellular matrix presumably because
it is an osmosensor that responds to the osmolarity caused
by exopolysaccharide production (Aguilar et al. 2010;
Rubinstein et al. 2012). KinC responds to both membrane
damage and potassium ion leakage caused by a self-produced
surfactant, surfactin (Lopez et al. 2009; Shemesh et al.
2010). However, the nature of the signals to which KinA
and KinB respond has been mysterious. It had been argued
that KinA binds to and responds to ATP (Stephenson and
Hoch 2001), but this could not be confirmed in a sub-
sequent investigation (Lee et al. 2008). Although KinA
has three possible ligand-binding PAS domains, it has also
been argued that KinA does not respond to a signal at all but
rather is activated by an increase in KinA levels brought
about by conditions of nutrient depletion (Eswaramoorthy
et al. 2010).

Recent work has identified impaired respiration as a
cue for biofilm formation by the Gram-negative bacterium
Pseudomonas aeruginosa. Dietrich et al. (2008, 2013) have
shown that P. aeruginosa produces redox-active small
molecules (phenazines), which shuttle electrons out of
the biofilm, where the limited availability of oxygen
prevents it from serving as an electron acceptor. Interest-
ingly, in the absence of phenazines, P. aeruginosa bio-
films, like those of B. subtilis (which does not produce
phenazines), become highly wrinkled, thereby increasing
the surface-to-volume ratio of the colony and allowing
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cells in the biofilm greater access to oxygen. However, the
mechanisms by which P. aeruginosa senses and responds
to impaired respiration are unknown. Here we provide
evidence that matrix production and the consequent
colony wrinkling by B. subtilis are a response to impaired
respiration and that impaired respiration is sensed by the
KinA and KinB kinases. We present evidence indicating
that KinB, which is an integral membrane protein, is in
a complex with the aerobic respiratory apparatus and is
activated by impaired electron transport through the
cytochrome chain. We also show that KinA contributes
to the response to impaired respiration and present evi-
dence suggesting that it does so by a mechanism involving
a decrease in the cellular ratio of nicotinamide adenine
dinucleotide (NAD") to NADH and, importantly, a direct
interaction with NAD".

Results

Impaired respiration stimulates wrinkling and matrix
gene expression

To investigate the hypothesis that impaired cellular respi-
ration is a cue for triggering matrix production, we de-
termined the effect of changes in the atmospheric oxygen
concentration on colony wrinkling when cells were grown
in biofilm-inducing medium. Oxygen concentration was
controlled using an environmental chamber, with 22%
oxygen representing the normal level of atmospheric
oxygen (Materials and Methods). Decreasing the oxygen
concentration from 22% to 5% had the reproducible
effect of increasing the number of wrinkles on the colony
(Fig. 1A). In contrast, increasing oxygen concentration to
30% and 35% markedly suppressed wrinkling, resulting
in relatively flat, featureless colonies (Fig. 1A).

If the cells sense oxygen concentration via its effects on
respiration, then restoring respiration using an alterna-
tive terminal electron acceptor ought to reverse the
effects of reduced oxygen concentration. For this purpose,
we used nitrate, since B. subtilis is able to use nitrate as
a terminal electron acceptor (Nakano and Zuber 1998).
The results shown in Figure 1A demonstrate that when
the medium was supplemented with nitrate (20 mM),
colony wrinkling was almost completely suppressed even
when the oxygen concentration was 5%. That this effect
was due to nitrate reduction was confirmed using a mu-
tant (AnarG-I) of nitrate reductase, which mediates the
use of nitrate as a terminal electron acceptor (Hoffmann
et al. 1995). In contrast to the wild type, the mutant
remained wrinkled at 5% oxygen concentration even when
nitrate was added to the medium (Supplemental Fig. S1).

We next asked whether the effects of respiration were
exerted at the level of the expression of genes involved in
matrix production. If so, then changes in oxygen concen-
tration should have little effect on colony wrinkling in
cells mutant for the matrix operon repressor SinR (Kearns
et al. 2005; Chai et al. 2008). SinR mutant colonies ex-
hibit a hyperwrinkly phenotype due to constitutive expres-
sion of the matrix operons. Indeed, increases or decreases
in oxygen concentration had no effect on wrinkling in
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Figure 1. Respiration suppresses wrinkling and matrix gene
expression. (A) Colony wrinkling increases with decreasing oxygen
concentration, except when nitrate is used as a terminal electron
acceptor. The wild strain 3610 was grown on solid biofilm-
inducing medium containing 250 wM iron chloride at the indi-
cated oxygen concentrations for 4 d in an environmental chamber.
The medium contained 20 mM KNO; for the colony grown on
nitrate. (B,C) Matrix gene expression increases with decreasing
oxygen concentration, except in the presence of nitrate. Gene
expression was monitored using a Py,,4-lacZ-containing strain
(RL4582) (B) and a P,pa-yfp-containing strain (RL5477) (C). Colo-
nies were grown in the environmental chamber for 48 h. For B,
colonies were harvested in triplicate, and P,,pa-lacZ activity was
measured. (MU) Miller units. For C, colonies were examined using
a dissecting fluorescence microscope (Zeiss).

colonies of SinR mutant cells (data not shown). To directly
monitor the effect of oxygen concentration on matrix
gene expression, we used lacZ and gfp reporter genes fused
to the promoter (P.,4) for the operon (tapA-sipW-tasA)
specifying the protein component (TasA) of the matrix.
The results show that transcription from P,,,4-lacZ was
markedly increased by reduced oxygen availability, as
determined by measuring B-galactosidase levels in cells
harvested from solid biofilm-inducing medium (Fig. 1B).
Likewise, fluorescence from a P,,,4-yfp fusion was strik-
ingly more intense in a colony grown on biofilm-inducing
medium when the oxygen concentration was 5% rather
than 22% (Fig. 1C). In both cases, the effect of low oxygen
concentration was reversed by the presence of nitrate as
an alternative electron acceptor (Fig. 1B,C). In addition,
because the nitrate reductase genes are not expressed at
22% oxygen, there is no effect of adding nitrate on tapA
transcription at that oxygen concentration (Fig. 1B; Cruz
Ramos et al. 1995).

Wrinkling and matrix gene expression are optimal
at high iron concentrations

The results presented above are consistent with the
hypothesis that a reduction in the efficiency of respira-
tion is a signal for matrix production. Because of the
importance of iron to the function of heme-containing
cytochromes in the respiratory apparatus (Gaballa et al.

Respiration control of multicellularity

2008), we wondered whether matrix production would be
sensitive to levels of iron in the medium. While iron
clearly can have many effects on cellular physiology, we
reasoned that one of the effects of having low amounts of
iron accessible to cells might lead to defects in the
assembly of the cytochromes in the respiratory apparatus.
We imagined that iron availability might be a particular
issue for cells within and near the top of colonies, a fact
that is supported by a greater expression of low-iron-
inducible genes in the tops of colonies (data not shown).
We therefore sought to examine the effect on matrix pro-
duction of adjusting the concentration of iron in the
medium over a wide range. Indeed, when the Fe* concen-
tration in the medium was reduced from 50 pM (the
concentration we traditionally used in past investigations)
to 5 uM, wrinkling was markedly suppressed (Fig. 2A). In
addition, increasing the Fe*® concentration to a high level
(250 wM) caused a small but reproducible increase in
wrinkling. Furthermore, decreasing the Fe*® concentra-
tion from 250 to 50 to 5 wM progressively reduced matrix
gene expression in colonies (Fig. 2B) without impairing
cell growth in shaking liquid cultures (Fig. 2C). Reinforc-
ing the observations that iron exerts its effect at the level
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Figure 2. Iron promotes wrinkling and matrix gene expression.
(A) Colonies of the P,4,4-lacZ-containing strain RL4582 grown
on biofilm-inducing medium containing the indicated concen-
tration of iron chloride. (B) Pyypa-lacZ activity in pellicles of
wild-type (RL4582) and sinR mutant (RL4585) cells grown in
the presence of the indicated concentrations of iron chloride.
(C) The growth of RL4582 in shaking liquid biofilm-inducing
medium containing 5 pM (triangles), 50 uM (boxes), or 250 LM
(diamonds) iron chloride, each grown in triplicate.
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of matrix gene expression, the decrease in matrix gene
expression observed when lowering the Fe*® concentra-
tion was reversed in a mutant lacking SinR (Fig. 2B).

To determine whether lowering the iron concentration
was indeed leading to defects in the respiratory machin-
ery, we measured the ratio of oxidized to reduced forms of
NAD*/NADH, which indicates the cellular redox state
(Kohanski et al. 2007; Dietrich et al. 2013) and reflects the
efficiency of respiration as a function of concentration of
oxygen (see Supplemental Fig. S2). Under conditions of
high iron concentration (250 wM), expected to maximize
iron availability for cells within the colony, cells were
able to use oxygen for cellular respiration, as reflected in
a NAD*/NADH ratio of ~1.2, indicating that their acrobic
respiratory apparatus was fully functional (Fig. 3A). How-
ever, at low iron levels (5 uM), the NAD*/NADH ratio
decreased to ~0.5 (Fig. 3A). These foregoing results suggest
that in low iron, some of the cells do not have functional
cytochromes, perhaps phenocopying the effects of cyto-
chrome deletion mutants as discussed below.

As a further test of the idea that the low iron concen-
tration resulted in a dysfunctional aerobic respiratory
machinery, we measured gene expression under the con-
trol of Rex. Rex is an NADH-sensitive repressor that
inhibits the expression of genes under its control when
conditions are aerobic (Wang et al. 2008). When the NADH
level rises upon oxygen limitation, Rex becomes inactive,
leading to derepression of target genes. Using the reporter
lacZ fused to the promoter for the gene (Idh) for lactate
dehydrogenase, which is under the negative control of
Rex (Pygp-lacZ), we found that expression increased with
decreasing iron concentration at atmospheric oxygen
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Figure 3. The NAD*/NADH ratio increases with increasing iron
concentration. (A) The NAD*/NADH ratio for the wild strain 3610
grown for 48 h on solid biofilm-inducing medium containing the
indicated levels of iron. Pairs of colonies were harvested and
extracted under either acidic or basic conditions for measurements
of NAD"* and NADH, respectively. The NAD*/NADH ratios are
the average for six colonies (representing three acidic and three
basic extractions) for each iron concentration. (B) Expression of
Piap-lacZ in a wild strain carrying the fusion (AE276). Cells were
grown on solid biofilm-inducing medium containing the indi-
cated concentration of iron for 48 h. After 48 h, colonies were
harvested, and P43, activity was measured. The results are the
average for three colonies for each iron concentration.
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levels (Fig. 3B) and confirmed that this iron-dependent
effect on Idh expression is Rex-dependent (Supplemental
Fig. S3). In toto, the above results are consistent with the
idea (but not to the exclusion of other possible interpre-
tations) that iron limitation within the colony results in
a dysfunctional respiratory machinery. Indeed, it is likely
that iron is having many other effects on cellular phys-
iology. However, as we show below through the use of
mutants, the most likely explanation of the foregoing
results is that under low iron conditions, the respiratory
apparatus is not functional, and thus the cells cannot
respond by making more matrix. This lack of functionality
might be the result of impaired assembly or simply lack of
heme incorporation. Indeed, we can partially regain func-
tionality in low iron by extracellular addition of hemin (data
not shown). The important point, however, is that in the
absence of a functional respiratory apparatus, the cells
cannot mount a response. In the experiments presented
below, we go on to prove this idea by the use of cytochrome
mutants. Thus, the varying iron concentration experiments
shown thus far as well as those presented subsequently
serve simply as a proxy for lack of cytochromes because low
iron phenocopies mutants that lack certain cytochromes.

The response to high iron concentration depends
on kinases KinA and KinB

Critical to matrix production is the phosphorylation of
the response regulator SpoOA, which turns on the syn-
thesis of Sinl, the anti-repressor of SinR (Branda et al.
2001; Kearns et al. 2005; Chai et al. 2010b). Phosphory-
lation of SpoOA is governed by five histidine kinases
(KinA-KinE) that feed phosphoryl groups into a multi-
component phosphorelay that mediates phosphorylation
of the response regulator. To investigate the role of these
kinases in the response to impaired respiration, we mea-
sured the expression of sinl under various iron concentra-
tions in single and double mutants of the kinases using a
lacZ fusion (Fig. 4A). The results showed that sinl expres-
sion was modestly impaired in single mutants of KinA,
KinC, and KinD as well as in a double mutant of KinC and
KinD. In contrast, expression was markedly impaired in
a KinB single mutant and more severely so in a KinA KinB
double mutant. The effects of the mutations on sinl
expression were observed under all three iron concentra-
tions tested but were most dramatic in high iron concen-
tration (250 wM) because of the high levels of expression
observed in the wild type. We also measured sinl expression
using a Pg;,-lux luminescent reporter fusion. The results
show that under high iron concentrations, expression was
severely impaired in a KinA KinB double mutant but not so
severely in a KinC KinD double mutant (Fig. 4B). The
function of KinB is also known to depend on a lipoprotein
KapB (Dartois et al. 1997). We confirmed that sinl expres-
sion at high iron concentrations depended, as expected, on
KapB as well as KinB but did not investigate the role of the
lipoprotein further in what follows (data not shown).
Finally, we examined the pattern of colony wrinkling
at 5 pM and 250 pM Fe*® concentrations in the wild type
and in the two pairs of kinase double mutants. It was
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Figure 4. The response to iron depends on kinases KinA and
KinB. (A) The levels of Pyy,-lacZ expression in a wild strain
(RL4577) and the following lacZ fusion bearing single and double
mutants—kinA (RL5426), kinB (RL5429], kinC (KG19), kinD
(KG20), kinE (RL5423), kinA kinB (KG22), and kinC kinD
(KG23)—that had been grown on solid medium containing the
indicated iron concentrations for 48 h. (B) The time course of
light emission from colonies of the wild type (RL5268) and the
indicated double mutants harboring Py;,;lux at iron concentra-
tions of 5 WM (open symbols) and 250 pM (closed symbols) (see
the Materials and Methods). (C) Colony morphology for the wild
type and the indicated double mutants grown for 48 h on medium
containing the indicated iron levels.

known previously that at 50 .M Fe*3, the contribution
of KinC and KinD is principally restricted to the periph-
eral zone of the colony (McLoon et al. 2011). Indeed, at
high iron concentration, the KinC KinD double mutant
exhibited a highly wrinkled central zone and a flat
peripheral zone (Fig. 4C). In contrast, the KinA KinB
double mutant formed relatively flat and featureless
colonies, comparable with that seen for the wild type
at low iron concentration (Fig. 4C). Thus, at the high
iron concentration used here, KinA and KinB contribute
to wrinkling throughout the colony.

KinB depends on and is in a complex with cytochromes

The observation that high iron concentrations are crit-
ical for robust biofilm formation and the fact that the

Respiration control of multicellularity

cellular respiratory apparatus depends on iron via its heme-
containing cytochromes led us to hypothesize that KinA
or KinB senses impaired respiration (as a consequence
of low oxygen concentration in the absence of another
terminal electron acceptor) via the cytochrome chain. To
investigate this hypothesis, we tested the effects of muta-
tions ActaCDEF, AqcrABC, and AqoxABCD in the genes
for cytochrome caag, cytochrome bc, and cytochrome aag,
respectively (van der Oost et al. 1991; Azarkina et al.
1999). Single deletions of ctaCDEF and gqcrABC showed
somewhat decreased expression of sinl-lacZ in an iron-
dependent manner (Fig. 5A), whereas a deletion mutant of
qoxABCD had no significant effect (data not shown).
However, in a double deletion mutant of ctaCDEF and
gcrABC, iron-dependent sinl expression was reduced to
the levels seen for a kinB mutant (Fig. 5A). This mimic of
the kinB effect by the double cytochrome mutant was
apparent in their inability to respond to lowering oxygen
concentration (Supplemental Fig. S4). Moreover, when a
kinA mutation was combined with mutations of ctaCDEF
and gcrABC, the resulting mutant was as severely im-
paired in sinl-lacZ expression as was a kinB kinA double
mutant. In addition, colonies lacking both caaz and bc
cytochromes were significantly defective in wrinkling,
even under conditions of high iron concentration (Fig.
5B). As expected, these effects were through the control of
expression of the matrix genes because their flat colony
phenotype was lost when the sinR mutation was intro-
duced (Supplemental Fig. S5).

These observations suggested that the ability of KinB to
sense a change in respiratory activity requires the pres-
ence of the cytochromes, thus linking the activity of the
respiratory apparatus to matrix gene expression. We
wondered whether the effect of the cytochromes on KinB,
which (unlike KinA) is an integral membrane protein, is
the result of direct interaction with the respiratory appa-
ratus. To investigate this possibility, we created a fusion of
KinB to GFP and used an anti-GFP antibody to immuno-
precipitate the fusion protein from a membrane prepa-
ration (Fig. 5C, left lane) and subjected KinB-GFP and
associated proteins to high-accuracy mass spectrometry.
Mass spectrometry revealed that the KinB-GFP immu-
noprecipitate was specifically enriched (as compared
with a control lacking the fusion) for components of
the respiratory apparatus, including, most prominently,
cytochromes caas, bc, and aaz and the F,Fy-ATPase,
together with NADH dehydrogenase components. As
controls, we carried out immunoprecipitations using a
strain harboring a fusion of GFP to KinC, which is also
a membrane protein (Fig. 5C, middle lane), and a strain
that lacked the GFP fusion (Fig. 5C, right lane) and
subjected the antibody-precipitated proteins to gel elec-
trophoresis. Proteins corresponding in size to the CtaC
subunit of caas; and the QcrC subunit of bc could be seen
in the immunoprecipitates obtained with KinB-GFP but
not with the controls. To further investigate the identity
of the proteins corresponding in size to CtaC and QcrC, we
carried out additional immunoprecipitation experiments
from membrane preparations using KinB-GFP with wild-
type cells and with cells mutant for ctaCDEF and gcrABC
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Figure 5. KinB interacts with and depends on cytochromes Cta
and Qcr. (A) Levels of Pg;,;-lacZ expression in a fusion-bearing
wild strain (RL4577) and fusion-bearing single and multiple
mutants. In every case, “gcr” is used to designate the three-
gene deletion AgcrABC, and “cta” indicates the four-gene
deletion ActaCDEF. Colonies were harvested after growth for
48 h on biofilm-inducing medium. (B) Colony morphology for
the wild type (3610) and a cta gcr double mutant (KG11) grown
for 72 h on medium containing the indicated iron levels,
focusing on the colony centers. (C) Stained bands from a gel
of proteins from an immunoprecipitation with anti-GFP anti-
bodies of proteins solubilized from the membrane from cells
carrying GFP fused to KinB (RL5474) or to KinC (KG13) or
strain 3610 bearing no GFP. The cells were grown in liquid
MSgg medium for 48 h. (D) Stained bands of a KinB-GFP
immunoprecipitation from fusion-bearing cells of the wild
type or of gcr and cta mutants. The labeled bands in C and D
correspond in size to that expected for QcrC or CtaC subunits.
These proteins were predominant in the immunoprecipitation of
KinB-GFP from wild-type cells as indicated by high-accuracy
mass spectrometry.
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(Fig. 5D). Proteins corresponding in size to CtaC (Fig. 5D,
top panel) and QcrC (Fig. 5D, bottom panel) were specif-
ically absent in the immunoprecipitates from the corre-
sponding mutant strains.

These results are consistent with the following: (1) The
activity of KinB is controlled by its interaction with the
respiratory apparatus. (2) Impaired electron transport
through the chain stimulates KinB activity, but this
stimulation requires the presence of functional (but not
fully functioning) cytochromes in that KinB was not
active in a mutant lacking caa3 and bc (or when oxygen
levels were high). In other words, KinB must be in a com-
plex with a functional apparatus to be able to be activated.
However, KinB is only activated when the respiratory
activity of that functional apparatus is low.

Transmembrane segment 2 of KinB plays a critical role
in sensing aerobic respiration

To identify KinB residues critical for sensing the activity
of the respiratory machinery, we selected for hyperactive
mutants that would form biofilms under a condition of
low iron using this low iron concentration as a surrogate
for low activity of the respiratory apparatus. To do so, we
took advantage of the observation that the formation of
floating biofilms (pellicles) in liquid medium containing
5 WM Fe*® was markedly delayed. We therefore selected for
mutants that would form pellicles without delay under
these conditions. In a complementary approach, we
screened for mutants that formed wrinkly colonies on solid
medium under low iron conditions. Among the mutants
so identified, a small proportion contained point muta-
tions in kinB (none contained mutations in kinA). One of
these mutations in kinB was in codon 42, resulting in
a threonine-to-methionine change, and another mutation
was in codon 44, resulting in a phenylalanine-to-cysteine
change. KinB contains six predicted transmembrane seg-
ments, and both of these amino acid substitutions lie in
transmembrane segment 2 (Fig. 6A). These mutants showed
slightly increased wrinkling relative to the wild type when
grown in 5 uM FeCl; (Fig. 6B).

We also mutagenized kinB via error-prone PCR and
screened for mutations that resulted in flat, featureless
colonies under high iron concentrations (250 pM). To
increase the robustness of the screen, we started with
a kinA kinB double mutant background in which we
reintroduced the wild-type and mutated kinB genes at the
amyE locus. In addition to mutations that introduced
stop codons and a mutation in the codon for the active
site histidine, we recovered a mutation in codon 52 that
caused a cysteine-to-serine change in transmembrane
segment 2 (Fig. 6A). This allele resulted in flat colonies
and reduced sinl expression even at 250 pM iron (Fig.
6C,D). Immunostaining using anti-GFP antibodies showed
that the levels of the mutant protein in the membrane
fraction of cells harboring a KinB-GFP fusion were not
measurably affected by the C52S substitution (data not
shown). Thus, it is unlikely that the substitution was
causing degradation or substantial misfolding of KinB,
although we cannot rule out this possibility entirely.
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Figure 6. KinB function depends on transmembrane segments
1 and 2. (A) The structure of the KinB sensor kinase. (B) Colony
morphologies for the wild-type strain and the indicated mutants
(obtained as described in the Supplemental Material) after 72 h
of growth on biofilm-inducing medium containing the indicated
iron levels. (C) Colony morphologies for a kinA kinB double
mutant containing a wild-type copy of kinB at amyE or the indi-
cated mutant alleles (obtained as described in the Supplemental
Material). Colonies were grown for 72 h on medium containing
250 uM iron. (D) Levels of Py;,;-lacZ expression in a kinA kinB
double mutant complemented with either wild-type kinB or the
indicated kinB mutant alleles.

Finally, we created a series of in-frame deletion muta-
tions that removed pairs of transmembrane segments (see
Fig. 6A). Again, the mutant genes were introduced into
the chromosome at amyE in a kinA kinB double mutant.
Removal of transmembrane segments 3 and 4 and seg-
ments 5 and 6 had only modest effects on biofilm forma-
tion, whereas removal of segments 1 and 2 had a severe
effect (Fig. 6C,D). As above, we confirmed that the re-
moval of segments 1 and 2 did not significantly reduce the
level of the protein in the membrane fraction using a GFP
fusion.

In toto, these data suggest that KinB senses the ac-
tivity of the respiratory apparatus via its transmembrane
segment 2. We note that cysteine residues are redox-
sensitive. Because one of the gain-of-function mutations
introduced a cysteine in segment 2 and a loss-of-function
mutation removed a cysteine, it is tempting to specu-
late that the respiratory chain controls the activity of
KinB by a molecular redox switch involving one or more
cysteines.

Respiration control of multicellularity

KinA binds NAD" in a PAS domain-dependent manner

As we observed (Fig. 4), the response to impaired respira-
tion depends on KinA as well as KinB. What, then, is the
signal that KinA senses? In contrast to KinB, KinA is
a cytoplasmic protein and hence is unlikely to interact
directly with the respiratory machinery. Instead, KinA
possesses three PAS domains, which are potential binding
sites for small molecule ligands (Moglich et al. 2009).
Indeed, Dago et al. (2012) suggested that KinA is activated
by a mechanism involving ligand binding. We therefore
reasoned that KinA is activated by a small molecule ligand
that accumulates under conditions of impaired respiration
or, alternatively, inhibited by a ligand that decreases in
abundance when respiration is impaired. Given that im-
paired respiration was associated with a decrease in the
NAD*/NADH ratio (Fig. 3), an appealing hypothesis is that
either NAD* or NADH is the ligand for one or more of the
PAS domains.

To investigate this possibility, we created internal, in-
frame deletion mutants that separately removed each of
the PAS domain-coding regions from kinA and intro-
duced the mutated genes into the chromosome in place
of wild-type kinA at its native locus. In agreement with
the results of Wang et al. (2008), we found that removal of
PASA and PASC, but not of PASB, impaired sporulation
(data not shown). Moreover and importantly, removal of
PASA and PASC (but, not so severely, removal of PASB)
reduced the amount of colony wrinkling and sinl gene
expression (Fig. 7A,B). Immunoblot analysis confirmed
that the deletion mutations had not lowered the levels of
mutant proteins (data not shown).
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Figure 7. The PASA domain of KinA is required for sensing
impaired respiration. (A) Colony morphologies for the wild type
(3610) and mutants of KinA lacking PASA (AE253), PASB
(AE254), or PASC (AE255). Colonies were grown for 72 h on
MSgg medium containing 250 uM iron chloride. (B) Expression
of Pgur-lacZ in colonies that had been grown in liquid MSgg
medium for 48 h.
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To identify the ligands bound by KinA, we affinity-
purified an N-terminal Hisg-tagged KinA. Next, we treated
the purified protein with chloroform and subjected the
aqueous phase, in which NAD" and NADH would be
located, to reverse-phase high-pressure liquid chromatog-
raphy (RP-HPLC) analysis using a protocol optimized for
NAD* and NADH detection (Sporty et al. 2008). Indeed,
a small molecule that eluted at the same time (~12 min) as
bona fide NAD™" (and not NADH) was found in the sample
coming from the chloroform extraction of the Hiss-tagged
KinA (Fig. 8A). This compound was then subjected to high-
resolution mass spectrometry analysis. The molecule
showed the same mass-to-charge ratio (m/z) as NAD"
(664.1150 as compared with 664.1164 for bona fide NAD™)
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(Fig. 8B). Moreover, comparing the tandem mass spectrom-
etry (MS/MS) spectrum of the recovered molecule with
that in the METLIN database showed that it matched
perfectly with the known fragmentation pattern for NAD*
(Fig. 8C; Tautenhahn et al. 2012). The results also demon-
strated that NAD" was specifically associated with KinA
in vivo, as it was only found in samples from Hiss-KinA
immunoprecipitates but not in control experiments with
immunoprecipitates from cells lacking the Hisg-tagged
protein or from cells harboring Hiss-tagged SpoOA (Fig. SA).

Next, we created Hiss-tagged derivatives of the trun-
cated KinA proteins and tested for the presence of NAD™"
after affinity purification. We found that binding of NAD*
was specifically dependent on PASA, as we were not able
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Figure 8. KinA associates with NAD™". (A) The HPLC chromatogram for KinA-associated molecules and standards for NAD* (10 pg)
and NADH (9.36 .g) as well as a negative control (SpoOA-associated molecules). (B) The m/z (mass-to-charge) ratio of the peak collected
at 12 min from the KinA purification using high-resolution mass spectrometry. (C) The MS/MS spectrum of the same peak analyzed in
B, which matches the known fragmentation pattern for bona fide NAD* in the METLIN database.
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to detect NAD™" associated with a truncated KinA mutant
lacking PASA but could detect NAD" with KinA lacking
PASC (Supplemental Fig. S6).

Finally, we considered the possibility that KinA actu-
ally binds NADH rather than NAD" and that the reduced
form of the dinucleotide had been converted to NAD* by
oxidation during the isolation of the protein. To investi-
gate this possibility, we subjected pure NADH to the
same protocol that we used in purifying KinA and tested
for the presence of NAD*. HPLC analysis showed that
only a small proportion of the NADH had been converted
to NAD™ and hence that little oxidation had occurred
during our extraction procedure (data not shown). We
conclude that it is unlikely that NADH was being
oxidized during the extraction and hence that the ligand
is NAD".

Discussion

We discovered that matrix production is robustly induced
in B. subtilis by impaired respiration. B. subtilis biofilms
are characteristically highly wrinkled. This wrinkling
could be expected to increase the surface-to-volume ratio
and hence the accessibility of cells in the community to
oxygen. Indeed, experiments with P. aeruginosa have
shown that wrinkles do indeed provide increased access
to oxygen to cells in the biofilm (Dietrich et al. 2008,
2013). We therefore surmise that B. subtilis responds to
conditions of impaired respiration as a compensatory
mechanism that in effect helps cells in the biofilm to
“breathe” under conditions of reduced oxygen availability.
In keeping with the idea that cells in the biofilm face the
challenge of coping with reduced oxygen availability, we
note that the Iut operon, which is responsible for oxida-
tion of lactate, is under the direct control of the regula-
tory pathway governing matrix production in B. subtilis
(Chai et al. 2009). Derepression of the operon during
biofilm formation in the presence of lactate would pro-
vide an alternative electron acceptor under conditions of
impaired access to oxygen.

The principal contribution of the current investigation
is the discovery that B. subtilis responds to impaired
respiration via interaction of a particular histidine kinase,
KinB, with the aerobic respiratory apparatus. We showed
that KinB activation depends on cytochromes caasz and bc
and that KinB is in a complex with multiple components
of the respiratory apparatus, including caas and bc. Inter-
estingly, a recent study indicates that these two cyto-
chromes are in a complex with each other (Garcia Montes
de Oca et al. 2012).

Activation of KinB requires both caaz and bc and con-
ditions of impaired respiration. We therefore conclude
that the respiratory chain is not inhibiting KinB. Rather,
it activates the kinase but only when respiration is
impaired. We imagine that KinB in a complex with the
respiratory apparatus is subject to a switch that turns on
kinase activity under conditions of low electron transport
and silences it under conditions of high electron trans-
port. We hypothesize that the switch is mediated by
a redox mechanism involving transmembrane segment

Respiration control of multicellularity

2 of KinB based on the following observations: (1) An
amino acid substitution introducing a cysteine into seg-
ment 2 at residue 44 caused KinB to be active under
conditions in which the function of the respiratory appa-
ratus was inhibited (by virtue of low iron concentration).
(2) An amino acid substitution removing a cysteine from
segment 2 at residue 52 inactivated the kinase (under
conditions of high iron concentration). Conceivably, elec-
tron transfer from the respiratory machinery to KinB in the
complex reduces Cys 52, preventing activation of the
kinase. Discovering whether and how such a redox mech-
anism operates will require a detailed understanding of the
interaction of KinB with components of the respiratory
apparatus. As a precedent for such a redox switch, the ArcB
sensor kinase of Escherichia coli is silenced by quinone-
mediated oxidation of two cysteines that participate in
disulphide bond formation (Malpica et al. 2004).

The response to impaired respiration was not solely
mediated by KinB. Under conditions of high iron concen-
tration, at which the response to impaired respiration was
most robust, a KinB mutant was largely but not entirely
blocked in expression of the biofilm-inducing gene sinl,
whereas a KinA KinB double mutant was almost com-
pletely blocked. A KinA single mutant and a KinC KinD
double mutant were only modestly impaired under these
conditions. We therefore conclude that KinA also con-
tributes to sensing impaired respiration.

Although KinB was our main focus, we obtained a clue
as to how KinA responds to impaired respiration. KinA is
not a membrane protein and is unlikely to interact with
the respiratory apparatus. Instead, we discovered that
KinA associates with NAD" and does so in a manner that
depends on one of its three PAS domains: PASA. We
therefore hypothesize that KinA is inhibited by NAD*
when respiration levels are high and is released from
inhibition when the NAD*/NADH ratio drops due to
conditions of impaired respiration. Efforts to test this
hypothesis biochemically by investigating the effect of
NAD" on KinA activity are in progress. If our hypothesis
is correct, then NAD™" can be added to the list of small
molecule ligands known to be recognized by PAS domains.
These include FAD, heme, metals, malonate, succinate,
citrate, and glycerol (Henry and Crosson 2011).

In sum, we obtained evidence for impaired respiration
as a signal for triggering matrix production and hence
multicellularity in B. subtilis. Our findings support the
hypothesis that biofilm wrinkling is in part an adaptation
to reduced atmospheric oxygen, increasing the surface-to-
volume ratio and thereby increasing accessibility to oxy-
gen (Xavier and Foster 2007; Dietrich et al. 2008, 2013).
(Other work has shown that wrinkles also create channels
that facilitate nutrient flow within the colony [Wilking
et al. 2012]). Importantly, we showed that impaired respi-
ration is sensed by KinB, which does so by interacting with
the respiratory apparatus (Fig. 9). KinA also contributes to
the response to impaired respiration, and evidence sug-
gests that it does so by sensing a drop in the NAD*/NADH
ratio. Thus, KinA and KinB respond to impaired respira-
tion by complementary mechanisms. KinA and KinB are
also responsible for driving SpoOA~P to the high levels
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l

Extracellular Matrix Genes
and Sporulation Genes

Figure 9. Model for how impaired respiration controls matrix/
sporulation gene expression (description in the text).

needed for entry into sporulation during nutrient exhaus-
tion. We therefore suggest that a drop in NAD* levels and
impaired oxidative phosphorylation are the direct phys-
iological signals for sporulation as well as for biofilm
formation (Fig. 9).

Materials and methods

Construction of strains and plasmids

Strains and plasmids were constructed using standard methods
(Sambrook and Russell 2001). Oligonucleotides used for PCR in
this study are listed in Supplemental Table S2. Transcriptional
fusion with lacZ was obtained by cloning the Idh upstream region,
including the start codon, into pAH124 using the corresponding
restriction sites (Camp and Losick 2009). All deletion mutations
were generated by long-flanking PCR mutagenesis (Wach 1996).
Complementation of kinA was performed by PCR amplification
of fragments carrying the promoter and entire gene coding
sequence. These PCR fragments were cloned using the appro-
priate restriction enzymes into pDG1662 (Guerout-Fleury et al.
1996). The B. subtilis strains used in this work are listed in
Supplemental Table S1. All strains were derived from NCIB
3610, a wild strain that forms robust biofilms (Branda et al. 2001).
Transformation of B. subtilis PY79 (Youngman et al. 1984) with
double-stranded PCR fragments, plasmid, or genomic DNA was
done as described (Wilson and Bott 1968). SPP1 phage-mediated
transduction was used to introduce antibiotic resistance-linked
mutations from PY79 derivatives into NCIB 3610 (Yasbin and
Young 1974).

Environmental chamber

An acrylic portable glove box (2100 series, Cleatech) was modified
to produce an atmosphere of varying oxygen/nitrogen ratios.
Specifically, a cylinder of compressed oxygen (medical grade) and
nitrogen (CP grade) were connected via two-stage regulators to
electronic mass flow controllers (MFCs) (SmartTrak 100, Sierra
Instruments, Inc) that were capable of delivering gas at a rate of
200 SSC (standard cubic centimeter)/min. Polyvinylchloride (PVC)
tubing (6.25-mm outer diameter, 3.12-mm inner diameter) was
used to couple the two MFCs via a compression “tee” fitting (Jaco,
Inc). The resulting gas mixture was directed into the chamber
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through PVC tubing. To enable continuous flushing of the en-
vironmental chamber, a gastight check valve with a 0.5 psi
cracking pressure was positioned on the opposite wall of the
chamber and continuously exhausted the gas mix. Prior to
operation, the chamber was flushed for 24 h at 200 SSC/min of
a predetermined oxygen:nitrogen ratio to achieve the desired
percentage of atmospheric oxygen composition. The selected
gas ratio and flow rate were maintained for the duration of the
incubation to minimize changes in atmospheric composition.
An oxygen sensor (Cleatech, Inc) was used to monitor the con-
centration of oxygen within the chamber throughout the exper-
iment. In this configuration, oxygen concentration varied by no
more than 2% for the duration of each experiment.

Real-time measurements of gene expression using luciferase

Starter LB cultures of desired strains were diluted 1:50 in double-
distilled water (ddH,O), and then 112.5 pL was plated onto 1.5 mL
of solid MSgg medium in each well (white with a clear bottom) of
a 24-well polystyrene Visiplate (Wallac). The cultures were then
grown for 24 h at 30°C in a BioTek Synergy 2 plate reader, and the
OD at 600 nm (ODggo) and luminescence (sensitivity setting,
200) were measured every 30 min. The data shown in the figures
are averages for two replicate wells from a single representative
experiment.

B-Galactosidase assays

Biofilms were formed in solid MSgg medium (Branda et al. 2001).
The colonies were collected, resuspended with 1 mL of PBS, and
sonicated to remove the extracellular matrix. ODgoo had been
measured. Cells (10%-10°) were taken for the assay. Cells were
spun down, and pellets were resuspended in 1 mL of Z buffer
(40 mM NaH,PO,, 60 mM Na,HPO,, 1 mM MgSO,, 10 mM KCJ,
38 mM B-mercaptoethanol) supplemented with 200 pwg mL™*
freshly made lysozyme. Resuspensions were incubated for 15 min
at 30°C. Reactions were started by adding 200 pL of 4 mg mL™!
ONPG (2-nitrophenyl B-D-galactopyranoside) and stopped by add-
ing 500 L of 1 M NayCOj3. The soluble fractions were transferred
to cuvettes (VWR), and OD,y values of the samples were recorded
using a Pharmacia Ultraspectrometer 2000. The B-galactosidase-
specific activity was calculated according to the equation [(ODj4z0/
(time X ODgqo)] X dilution factor X 1000. Assays were conducted
in duplicate.

Measuring the NAD*/NADH ratio

The concentration of the steady-state pools of NAD* and NADH
were determined by the cycling assay of Bernofsky and Swan
1973) using an adaptation kindly provided to us by N. Sullivan
and D. Newman. (1) Six colonies of each sample were harvested
into 1 mL of PBS and subjected to mild sonication to separate
cells’ extracellular matrix. The cells were pelleted by centrifu-
gation at 15,000 rpm for 1 min and resuspended in 500 pL of PBS,
and the ODgpg was measured. (2) In an anaerobic chamber, three
samples (one from each colony) were resuspended for each
condition in 300 pL of either 0.1 M HCL (for NADH extraction)
or 0.1 M NaOH (for NAD" extraction). NADH and NAD" stocks
were prepared in an anaerobic chamber using anaerobic water.
(3) Outside the chamber, cells were incubated for 10 min at 50°C
and then cooled down on ice for 10 min. Samples were neutral-
ized by adding drop-wise while vortexing at medium speed of 300
pL of either HCL (for NADH extraction) or NaOH (for NAD*
extraction). (4) Samples were centrifuged at 15,000 rpm for 5
min, and the supernatant fluids were collected in fresh tubes
and frozen at —80°C. (5) A reagent mixture was prepared in an
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anaerobic chamber and consisted of 200 uM Bicine buffer (1.0 M
Bicine at pH 8], 200 wM 40 mM EDTA (pH 8), 200 pL of 100%
ethanol, 200 uM 4.2 mM MTT (thiazolyle blue, Sigma), and 400
1M 16.6 mM phenazineethosulfate (Sigma). (6) In anaerobic cham-
ber plates, we mixed 30 wL of anaerobic double-distilled water, 5 WL
of serial dilutions of colony extract diluted up to 107, and 60 pL
of the reagent mixture above, 5 pL of alcohol dehydrogenase, and
100 wg/mL Bicine buffer (Sigma). Each reaction was conducted
on a separate well in 96-well polystyrene plates (VWR). (7)
Outside the chamber, we took kinetic readings at 570 nm for
6 min at 30-sec intervals at 30°C. (8) For data analysis, we deter-
mined the linear range and used this time frame to calculate
slopes for standard curves (0-0.1 mM, steps of 10 uM) of NAD*
and, separately, NADH and the serial dilution of the samples. (9)
Finally, we normalized by ODgg of the initial samples.

Mutagenic PCR

PCR was performed with AcuStart PCR Supermix (Quanta
Biosciences) on PCR product amplifying kinB with the re-
striction sites of BamHI and EcoRI. Reaction mixtures were
cycled for 2 min at 94°C, followed by 10 cycles of 1 min at 94°C,
1 min at 65°C-1°C per cycle, and 5 min at 72°C. Finally, 25
cycles of 1 min at 94°C, 1 min at 55°C, and 5 min at 72°C were
run. Pooled PCR products were ligated into cut plasmid
PDG1728 (a gift from Win Chai) and transformed directly into
strain RL4573 as described previously.

Immunoprecipitation of KinB

Biofilms were grown in a liquid biofilm-inducing medium for
48 h without shaking in six-well plates. For each sample, six
plates were harvested in a total volume of 48 mL. After 48 h, cells
were harvested by centrifugation (8000 rpm for 10 min at 4°C).
Membrane protein purification was performed according to
Eymann et al. (2004). GFP antibodies (Abcam) were cross-linked
to protein A magnetic beads (Dynabeads, Life Technologies)
according to the manufacturer’s instructions. Then, membrane
protein extracts were incubated with cross-linked antibodies
under continuous rotation on a Stuart rotator SB3 at 30 rpm for
1 h at 4°C. After incubation, the beads were washed seven times
with 1 mL of washing buffer (150 mM NaCl, 0.01 % Triton X-100,
50 mM Tris-HCI at pH 8) for 3 min on the rotator at 30 rpm. The
beads were collected with the magnetic rack, and the superna-
tants were discarded. Finally, the pure bead pellet was mixed
with 100 pL of SDS sample buffer (Laemmli 1970) and denatured
for 10 min at 90°C. Twenty-microliter aliquots were subjected to
SDS-PAGE, and proteins in fractions from the gel were subjected
to identification by high-accuracy mass spectrometry. The mass
spectrometry analysis was performed at the Harvard Mass Spec-
trometry and Proteomics Resource Laboratory, FAS Center for Sys-
tems Biology, by microcapillary RP-HPLC nanoelectrospray MS/
MS (WLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer.

Purification of KinA and HPLC/MS detection of NAD*

Cells harboring an N-terminal Hisg tag for KinA(Hiss-KinA) were
grown in DS medium and were collected 1 h after entry into
stationary phase by centrifugation at 8000 rpm for 10 min at 4°C.
Cells were washed twice in 50 mM Tris/HCI (pH 8), 200 mM
NaCl, 20 mM imidazole and lysed using a cell disrupter. Cell
debris was removed by centrifugation at 15,000 rpm at 4°C for 30
min. KinA was purified using Ni-NTA agarose (Quiagen) accord-
ing to the manufacturer’s protocol. The soluble supernatant was
incubated with the agarose under continuous rotation on a Stuart
rotator SB3 at 30 rpm for 1 h at 4°C. The supernatant, including
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the beads, was then passed through a flow-through polypropylene
column (Bio-Rad). The column was washed with 10 bed volumes
of buffer. The purified protein was eluted from the column with
0.5 mL of elution buffer (50 mM Tris-HCI at pH 8.0, 150 mM
NaCl, 250 mM imidazole). Purified KinA was then subjected to
a protocol established for NAD* and NADH extraction (Sporty
et al. 2008). HPLC measurements were performed using a Hy-
drosphere C18 column (5 pm, 150 mm X 4.6 mm inner diameter)
(Waters) on an Agilent 1100 HPLC (Hewlett-Packard) according
to a published protocol optimized for NAD*/NADH detection
(Sporty et al. 2008).
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