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ABSTRACT Elevated intracellular levels of the bacterial second messenger c-di-GMP are known to suppress motility and promote
sessility. Bacterial chemotaxis guides motile cells in gradients of attractants and repellents over broad concentration ranges, thus
allowing bacteria to quickly adapt to changes in their surroundings. Here, we describe a chemotaxis receptor that enhances, as
opposed to suppresses, motility in response to temporary increases in intracellular c-di-GMP. Azospirillum brasilense’s pre-
ferred metabolism is adapted to microaerophily, and these motile cells quickly navigate to zones of low oxygen concentration by
aerotaxis. We observed that changes in oxygen concentration result in rapid changes in intracellular c-di-GMP levels. The aero-
taxis and chemotaxis receptor, Tlp1, binds c-di-GMP via its C-terminal PilZ domain and promotes persistent motility by in-
creasing swimming velocity and decreasing swimming reversal frequency, which helps A. brasilense reach low-oxygen zones. If
c-di-GMP levels remain high for extended periods, A. brasilense forms nonmotile clumps or biofilms on abiotic surfaces. These
results suggest that association of increased c-di-GMP levels with sessility is correct on a long-term scale, while in the short-term
c-di-GMP may actually promote, as opposed to suppress, motility. Our data suggest that sensing c-di-GMP by Tlp1 functions
similar to methylation-based adaptation. Numerous chemotaxis receptors contain C-terminal PilZ domains or other sensory
domains, suggesting that intracellular c-di-GMP as well as additional stimuli can be used to modulate adaptation of bacterial
chemotaxis receptors.

IMPORTANCE To adapt and compete under changing conditions, bacteria must not only detect and respond to various environ-
mental cues but also be able to remain sensitive to further changes in the environmental conditions. In bacterial chemotaxis,
chemosensory sensitivity is typically brought about by changes in the methylation status of chemotaxis receptors capable of
modulating the ability of motile cells to navigate in gradients of various physicochemical cues. Here, we show that the ubiqui-
tous second messenger c-di-GMP functions to modulate chemosensory sensitivity of a bacterial chemotaxis receptor in the alp-
haproteobacterium Azospirillum brasilense. Binding of c-di-GMP to the chemotaxis receptor promotes motility under condi-

tions of elevated intracellular c-di-GMP levels. Our results revealed that the role of c-di-GMP as a sessile signal is overly
simplistic. We also show that adaptation by sensing an intracellular metabolic cue, via PilZ or other domains, is likely wide-

spread among bacterial chemotaxis receptors.
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otile bacteria detect changes in environmental conditions
and respond by navigating toward niches that support opti-
mal growth by chemotaxis (1). This behavior is widespread in
various environments, and it is especially significant in soil bacte-
ria (2). In chemotaxis, chemical cues are detected by dedicated
receptors that relay information to the flagellar motors via a con-
served signal transduction cascade (3). The model organism, Esch-
erichia coli, possesses five chemotaxis receptors (Tar, Tsr, Tap,
Trg, and Aer), and the sensory specificities for each of these recep-
tors have been determined (4). Many bacterial species have a
greater number of receptors than E. coli (5); however, their sen-
sory specificity remains largely unknown.
Azospirillum brasilense is a motile alphaproteobacterium that pos-
sesses a single polar flagellum. Motile A. brasilense cells respond tac-
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tically not only by biasing the probability of changes in the swimming
direction of the polar flagellum (changes in swimming reversal fre-
quency, equivalent to “tumbles” of E. coli) but also by modulating
transient increases in swimming velocity (6) (Fig. 1). The genome of
A. brasilense encodes four chemotaxis pathways (7), with Chel being
the only experimentally characterized pathway (8). Aerotaxis (move-
ment in oxygen gradients) is the strongest behavioral response in
A. brasilense (9). In oxygen gradients, A. brasilense cells quickly navi-
gate to a specific zone where the oxygen concentration is low, 3 to
5 uM, and optimal to support their preferred microaerobic metabo-
lism that often involves oxygen-sensitive nitrogen fixation (10). Un-
der conditions of high aeration, A. brasilense motile cells form clumps
that are initially transient but become stable over time, with cells
losing motility if high aeration conditions persist (8).
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FIG 1 Cartoon summarizing the behaviors controlled by chemotaxis path-
ways in A. brasilense. The black and gray lines represent effects that occur
under different environmental conditions represented at the top of the figure.
The arrows represent interactions within chemotaxis proteins. Proteins of the
Chel pathway and proteins from another pathway are represented. Dashed
lines represent putative interactions.

Most chemical stimuli are sensed indirectly in A. brasilense via
net changes in intracellular energy levels (11). Chemo- and aero-
tactic responses to changes in energy metabolism have been iden-
tified in several bacterial species and are collectively referred to as
“energy taxis” (5, 12). The behaviors controlled by chemotaxis
pathways in A. brasilense are summarized in Fig. 1. An energy taxis
receptor, AerC, has been previously shown to mediate the ability
of motile A. brasilense cells to locate low-oxygen niches compati-
ble with nitrogen fixation (13). An FAD bound to the sensory
domain of AerC likely serves as a redox sensor (13). A transmem-
brane chemoreceptor, Tlpl, also functions in energy taxis. The
sensory domain of Tlp1 is located in the periplasm and lacks a
recognizable motif for redox or energy sensing, and thus the pri-
mary stimuli affecting Tlp1 remain unknown (14). Interestingly,
TIp1 contains a PilZ domain at its C terminus (15). PilZ domains
are ubiquitous in bacterial genomes and are known to bind the
bacterial second messenger c-di-GMP (16—18). The elevated in-
tracellular c-di-GMP levels promote transition of motile cells to a
sessile lifestyle (16—18), whereas aerotaxis or chemotaxis allows
motile cells to further explore their surroundings (1). The unusual
domain architecture of TIp1 prompted us to investigate the unex-
pected interplay between chemotaxis and c-di-GMP.

RESULTS

Intracellular c-di-GMP content of cells varies in oxygen gradi-
ents. We began investigating the connection of c-di-GMP levels
with chemotaxis by analyzing the behavior of the A. brasilense chsA
mutant recently reported to be defective in chemotaxis (19). ChsA
is an EAL domain protein predicted to have c-di-GMP phospho-
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diesterase (hydrolase) activity. Further, it has an N-terminal PAS
domain that contains residues involved in heme binding (20),
thus suggesting that oxygen regulates ChsA activity. We observed
that the chsA mutant is impaired in motility in semisolid agar,
which can be partially rescued by wild-type chsA provided in trans
(Fig. 2A). Consistent with the assigned function of ChsA as a c-di-
GMP phosphodiesterase, the chsA mutant had a greater steady-
state intracellular c-di-GMP concentration than the wild type
(Fig. 2B, before air removal/addition). We therefore expected that
intracellular c-di-GMP levels in A. brasilense would respond to
changes in aeration.

Unexpectedly, the intracellular c-di-GMP levels responded to
air removal or addition in a highly dynamic fashion and fluctuated
by more than 2-fold within 20 to 40 s of changes in aeration
(Fig. 2B, wild type). The c-di-GMP levels in the chsA mutant and
the wild type responded similarly to air removal. However, upon
air addition, patterns of the c-di-GMP levels in the wild type and
the chsA mutant differed. The most drastic difference between the
two strains was detected 20 s after air addition, i.e., 6-fold-higher
c-di-GMP levels in the mutant (Fig. 2B). We hypothesized that the
aerotaxis and chemotaxis receptor Tlp1 containing the PilZ do-
main must be sensitive to such drastic changes in c-di-GMP levels.
First, we investigated whether Tlp1 can bind c-di-GMP.

The PilZ domain of Tlp1 binds c-di-GMP. To test whether the
PilZ domain of Tlp1 binds c-di-GMP, we fused the C-terminal
PilZ domain of Tlpl to MBP (see Fig. S1 in the supplemental
material); purified the fusion protein, MBP-cTIp1; and analyzed,
using equilibrium dialysis, its ability to bind c-di-GMP (21).
MBP-cTlp1 bound c-di-GMP with an apparent K, (dissociation
constant) of 6.9 = 1.2 uM (Fig. 3A). Given that only a fragment of
Tlp1 was tested, it is possible that the K; of the full-length Tlp1 is
even lower, as reported for other PilZ domain receptors (17, 21).
The binding capacity of MBP-cTlp1, B, ,,,, calculated based on the
equilibrium dialysis experiments, was 2.1 = 0.1 mol c-di-GMP
mol protein—!. This suggests that the PilZ domain of Tlpl can
bind up to two molecules of c-di-GMP, similar to the known PilZ
domain c-di-GMP receptors, E. coli YcgR (21) and Pseudomonas
putida PP4397 (22).

While the apparent K; value correlates well with the estimated
intracellular c-di-GMP levels in the proteobacterial species, be-
lieved to be in the submicromolar-to-low-micromolar range (18),
we also estimated actual intracellular concentrations in
A. brasilense under the conditions of the temporal assay by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) by us-
ing a stable-isotope-labeled internal standard. The intracellular
c-di-GMP concentrations in the wild type ranged from 2 to
4.5 uM when exposed to nitrogen gas and from 7.6 to 7.8 uM on
air (Fig. 2B). These intracellular c-di-GMP concentrations are in
the same range as the apparent K;, which suggests that Tlp1 is
capable of responding to changes in intracellular c-di-GMP con-
centrations. On the other hand, the intracellular ¢-di-GMP con-
centrations in the chsA mutant ranged from 7.4 to 17.7 uM, above
the K, value (with one exception at 4.1 M detected 10 s after air
addition; Fig. 2B), suggesting that Tlp1 in the chsA mutant exists
mostly in the c-di-GMP-bound state.

To investigate the mode of c-di-GMP binding by the PilZ do-
main of Tlpl, we mutagenized several conserved residues of the
PilZ domain. c-di-GMP binding was abrogated in three of the
constructed mutants, MBP-cTIlp1R>024 R563A  NMBP-cTlp1R>07D,
and MBP-cTIp1N°84, which contain mutations in three of the
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farther away from the meniscus than the
wild type (Fig. 3B). Expression in the mu-
tant of the wild-type Tlpl in trans re-
stored the proper band position (Fig. 3B).
All of the Tlpl variants that lacked
(TIp12Pi12) or had mutated (Tlp1R562A
and Tlp1R562A R563A) Pi]7Z domains failed
to fully rescue the tlpI mutant aerotaxis
phenotype (Fig. 3B). We verified that
these variants were expressed at levels
comparable, albeit slightly elevated, to

1‘ | the levels of the wild-type TIpl (see
2" | ¥ + Fig. S2 in the supplemental material).
g 70 Consistent with their ¢-di-GMP binding
g‘;lo _4 A capacities, the Tlp1R>524 protein partially
g, . + _ ] ! N complemented the aerotaxis defect of
= . Pt =~ \+ _ T~ it /\* the mutant, while both TIp14P1# and
§ 4 " /+\ Ssw ] I N <’ Tlp1R562A R563A were cor.npletely inactive.
2 — \*\ i \ ¢ Therefore, the ability to bind c-di-GMP via
T — %—P the PilZ domain is important for Tlp1 func-
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FIG 2 Rapid changes in intracellular c-di-GMP levels in A. brasilense upon changes in aeration. (A)
Representative chemotaxis in semisoft agar plates with 0.5% (wt/vol) malate as a carbon source, 48 h
postinoculation of A. brasilense Sp7 (wild type) and its chsA mutant derivative. The vectors used were
pRK415 (vector) or pPRKChsA (pRK415 expressing the c-di-GMP phosphodiesterase ChsA). All strains
were motile. (B) Temporal changes in intracellular c-di-GMP concentrations in response to temporal
changes in aeration in A. brasilense Sp7 and the chsA mutant. Air was bubbled in the cell suspensions for
5 min prior to the start of the experiment. Aliquots were taken at times indicated on the graph, and the
concentration of c-di-GMP was analyzed via LC-MS/MS. Up and down arrows indicate air removal and
air addition to the atmosphere of the cells, respectively. Slash bars indicate a time interval of approxi-

mately 5 min.

most conserved residues (R563, R567, N589) of the c-di-GMP
binding loop, Rx3Rx, 3,D/NxSx,G (15, 18, 21) (see Fig. S1 in the
supplemental material). Another constructed mutant, MBP-
cTlp1R5624 with an alanine substitution in the nonconserved
R562 residue located in the immediate vicinity of the c-di-GMP
binding loop, showed lower capacity to bind c-di-GMP, with a K,
of21.8 = 7.1 uM (Fig. 3A), than the wild-type protein. The 3-fold
decrease in c-di-GMP binding affinity observed in MPB-
cTIp1R5624, compared to that of MPB-cTlpl, suggests that resi-
dues near the conserved c-di-GMP binding consensus (15, 18, 21)
can significantly influence c-di-GMP binding. In the following
experiments, we will use Tlp1R5624 R563A a5 well as Tlp14P17, lack-
ing a PilZ domain altogether, as variants that are completely un-
able to bind c-di-GMP. We will use Tlp1R°62A as a mutant protein
partially impaired in c-di-GMP binding.

PilZ domain of Tlp1 affects aerotaxis responses. Having es-
tablished the c-di-GMP binding ability of Tlp1, we explored its
functional significance using aerotaxis assays. Aerotaxis can be
detected in spatial gradients established in flat capillary tubes (10,
23). Under these conditions, A. brasilense forms an aerotactic
band within 2 min at some distance from the meniscus, at the
position in the gradient where metabolism is optimal (10). Cells
within and outside the band remain motile, and the aerotactic
band remains stable. As expected, the tlpI mutant was signifi-
cantly affected in aerotaxis in that it formed an aerotactic band
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c-di-GMP binding to Tlp1 affects the
ability of cells to increase swimming ve-
locity in oxygen gradients. Transient
changes in both swimming velocity and
reversal frequency are hallmarks of the
A. brasilense aerotaxis response (6). While
transient changes in the swimming veloc-
ity are controlled by Chel, the identity of
the chemotaxis pathway(s) controlling
transient changes in the swimming rever-
sal frequency remains unknown (6). To
investigate whether c-di-GMP affects
swimming velocity versus reversal fre-
quency, we used the temporal oxygen
gradient assay, where a sudden decrease or increase (air removal
or addition) in aeration makes readily detectable changes in the
locomotor behavior (6, 9, 14). The wild type responded to air
removal and addition by significantly increasing the swimming
velocity, before returning to prestimulus swimming velocity, after
over 2 min (Fig. 4A). The tlpl mutant also responded by tran-
siently increasing swimming velocity upon air removal but not air
addition (Fig. 4B). Further, the time of increased swimming ve-
locity upon air addition for the tlpI mutant was much shorter than
that of the wild type (Fig. 4B). Expressing wild-type Tlp1 in the
tlp] mutant background restored the wild-type swimming veloc-
ity response pattern and time (Fig. 4C).

When the Tlp1R562A R563A yariant, which is completely im-
paired in c-di-GMP binding, was expressed in the tIpI mutant, the
cells were unable to significantly increase swimming velocity upon
air removal or air addition (Fig. 4F). Cells expressing either
Tlp1R>2A with partial ability to bind c-di-GMP or Tlp12¥i% Jack-
ing the PilZ domain responded to air removal by decreasing the
swimming velocity, an inverted response compared to that of the
wild type (Fig. 4D and E). Further, the strain expressing Tlp1R>62A
responded to air removal by swimming slower, ~15 s after the
initial stimulus, which suggests a significant defect in the recep-
tor’s sensitivity (Fig. 4E). Cells expressing Tlp14¥1% were unable to
respond to air addition, which was similar to the behavior of the
tlp] mutant (Fig. 4B and D). On the other hand, the t[p] mutant
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FIG 3 c¢-di-GMP binding to Tlpl and its mutant variants and effects of
c-di-GMP binding on aerotaxis. (A) Saturation plot of equilibrium binding
between cTlp1 and c-di-GMP. c-di-GMP was injected into 1 cell of a dialysis
cassette, while MBP-cTlp1 protein or its mutant variants, MBP-cTIp1R5624,
MBP-cTlp1R562A R563A MBP-cTlp1R%¢7P, and MBP-cTIp1N>894, were injected
into the opposite cell, separated by a membrane with a 10-kDa cutoff. Con-
centrations of free and protein-bound c-di-GMP were measured following the
establishment of an equilibrium. MBP-cTIp1R5624 R563A - MBP-cTlp1R%67D,
and MBP-cTIpIN5894 showed no detectable c-di-GMP binding; data for only
one nonbinding protein, MBP-cTIp1R3624 R563A are shown. (B) Spatial aero-
taxis mediated by Tlp1, Tlp14¥il%, Tlp1R562A, and Tlp1R%62A R563A, Motile cell
suspensions were adjusted to equivalent cell density. Within 2 min, the wild-
type A. brasilense Sp7 formed an aerotactic band at a distance from the menis-
cus (air/liquid interface) where the dissolved oxygen concentration is opti-
mum for energy production (10). SG323 (the tlp] mutant), pRK415 (vector),
pRKTIp1 (pRK415 expressing Tlp1), pRKTIp14Pi2 (Tlp14Fil2), pRKTlp1R%624
(TIp1¥562A) and pRKTIp1R562A RS63A (T|p] R562A RS63A)

expressing TIp1R%624 increased swimming velocity upon air addi-
tion, but this response was significantly delayed (~7 s) (Fig. 4E),
again suggesting that poor ability to bind c-di-GMP alters the
sensitivity of Tlp1 to the aeration stimulus. Further, cells express-
ing Tlp14P1Z (but not Tlp1R>02A or Tlp1R562A R363A) gwam signif-
icantly faster than other strains (Fig. 4D), which indicates that
they are unable to maintain a steady-state swimming velocity. This
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phenotype, together with the response patterns of the Tlp1 vari-
ants that range from changes in sensitivity to inverted responses,
strongly suggest that c-di-GMP modulates the sensitivity of Tlp1
and thus its ability to process sensory signals (aeration). In this
regard, the role of the c-di-GMP binding PilZ domain is similar to
the role played by adaptation proteins CheB and CheR in E. coli
(1, 4, 24).

c-di-GMP binding to Tlp1 affects the ability of cells to de-
crease swimming reversal frequency in oxygen gradients. De-
creased or increased aeration caused the wild-type A. brasilense
cells not only to swim faster for a short time (increased swimming
velocity) but also to suppress changes in the swimming direction
(reduced swimming reversal frequency), before adapting to new
conditions (6, 14). The tlpI mutant responded to air removal by
reducing the swimming reversal frequency, with a pattern not
significantly different (P < 0.05) from the response of the wild
type (Fig. 5A). A similar response was observed in the tIp] mutant
complemented with the wild-type Tlp1 (Fig. 5A).

Surprisingly, when TIp14Fi%, TIp1R562A, or Tlp1R362A R563A
were expressed in the tlp] mutant, the cells responded to air re-
moval by briefly (~10 s) increasing the swimming reversal fre-
quency, before adapting to the new aeration conditions (Fig. 5A).
This inverse response suggests that c-di-GMP affects processing
of the stimulus (changes in aeration) by controlling the frequency
of changes in the swimming direction. Furthermore, when
Tlp1R562A R563A yas expressed in the tIp] mutant, the cells drasti-
cally decreased the steady-state swimming bias (0.07 cell ™1 s71),
ie., they swim more “smoothly” relative to the wild type
(0.4 cell~ ! s~ 1) (Fig. 5A). These results confirm the notion made
earlier that c-di-GMP binding modulates the sensitivity of Tlp1 to
changes in aeration.

Upon air addition, the wild type decreased the swimming re-
versal frequency for ~30 s before adapting and returning to a
steady-state swimming behavior (0.6 cell "' s 1) (Fig. 5B). In con-
trast, the tlpI mutant did not immediately respond to air addition;
instead, the swimming reversal frequency decreased gradually
(Fig. 5B). The tlpI mutant complemented with Tlp1 had the wild-
type response to air addition (Fig. 5B). Tlp1 thus contributes most
to aerotaxis upon increased aeration, which parallels the increase
in intracellular c-di-GMP content. The tlp] mutant expressing
Tlp14P1Z, TIp1R502A, or Tlp1R562A R563A responded to air addition
by increasing the swimming reversal frequencys, i.e., the opposite
response compared to that of the wild type (Fig. 5B).

These results establish that c-di-GMP binding to the PilZ do-
main of Tlp1 is critical for proper changes in swimming reversal
frequency. Taken together with the results described in the previ-
ous section, they suggest that c-di-GMP affects both swimming
velocity and reversal frequency. How is this possible if these pro-
cesses have been shown to be controlled by different Che path-
ways? To address this question, we explored the possibility that
Tlp1 signals via more than one Che pathway.

Tlp1 signals via Chel and another Che pathway. The Chel
pathway in A. brasilense directly controls increases in swimming
velocity upon changes in aeration. To test if c-di-GMP binding to
Tlpl modulates Chel activity, we analyzed aerotaxis in a chel
mutant and a chel tlpI double mutant under conditions where
TIp1 is most active, i.e., aerotaxis in response to increases in aer-
ation conditions (Fig. 5B). Consistent with previous results, the
chel mutant and the chel tlp1 double mutant did not respond to
air addition by increasing swimming velocity (see Fig. S3 in the
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FIG4 Effects of mutationsin TIp1 on swimming velocity upon changes in aeration. A suspension of motile cells was analyzed for temporal changes in swimming
velocity upon air removal (arrow pointing up) and air addition (arrow pointing down) by motion-tracking analysis from video segments recorded during the
assay. Cells were equilibrated 6 min prior to air removal and air addition. Left axis, the average swimming velocity of all motile cells frame by frame over 20-s
intervals around the time of air removal and air addition was analyzed by GraphPad (Prism). Right axis, fold change in swimming velocity in 5-s intervals relative
to before air removal and air addition. The dashed red line indicates average prior to stimulus, and asterisk indicates a significant departure from before stimulus
with a confidence level of 0.05. Strains and plasmids are the same as described for Fig. 3B.
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(B). The black dashed horizontal line indicates swimming reversal frequency of the wild type
under steady-state conditions (i.e., before stimulus and after adaptation). The gray dashed hori-
zontal line indicates minimum reversal swimming frequency of the wild-type strain during the
response. Bars indicate time before (—5 s) and after (5, 10, 15, 20, and 30 s) air removal. Black bars
indicate cell suspension in air, and gray bars indicate cell suspensions in N,.

restore the swimming velocity response (see
Fig. S3). Therefore, we conclude that Tlpl
modulates transient changes in swimming ve-
locity during aerotaxis via the Chel pathway.

We compared reversal frequencies in the
chel and chel tlpl mutants (Table 1). The re-
versal frequency of the chel mutant (0.07 =
0.02 cell ! s—') was much lower than that of
the wild type (0.43 = 0.05 cell ! s71), but un-
like the wild type, its reversal frequency did not
change upon air addition (Table 1). This is
similar to the lack of response of a tIpI mutant
strain (compare with Fig. 5). The double chel
tlp] mutant had an intermediate (0.27 *
0.03 cell ! s71!) steady-state reversal frequency
between that of the chel and the lpI (0.33 =
0.03 cell ! s7!) strains, and its reversal fre-
quency did not change upon air addition, i.e.,
there was no response to air addition. The chel
tlp] mutant expressing TIpl in trans re-
sponded similar to the wild type. These results
strongly suggest that Tlp1 regulates swimming
reversal frequency independent of the Chel
pathway; therefore, Tlp1 must signal via more
than one Che pathway.

When Tlp1R562A R363A was expressed in the
chel tlp1 double mutant, air addition evoked a
transient decrease in the reversal frequency
that was mostly similar to the wild-type re-
sponse. On the other hand, the chel tipI cells
expressing either TIp14P1% or TIp1R562A were
no longer able to respond to air addition (Ta-
ble 1). Therefore, Tlp1 variants impaired in
¢c-di-GMP binding no longer regulate swim-
ming reversal frequency via the second, Chel-
independent, Che pathway.

Increased c-di-GMP concentration pro-
motes clumping and attachment of cells lack-
ing Tlp1. Cultures of the chsA mutant formed
stable clumps, regardless of the growth condi-
tions (Fig. 6A), suggesting that clumping is
caused, at least in part, by increased intracellu-
lar c-di-GMP levels in this mutant (Fig. 2B).
Clumping and swimming motility are in-
versely regulated in A. brasilense, with clumps
being formed under conditions of high oxygen
(8, 14).

When grown at high aeration, the tlpl
mutant expressing Tlpl14PiZ, TIp1R562A or
Tlp1R562A R563A clumped significantly more
than the wild type or tlpl mutant (Table 2).
Similarly, the tlpl mutant as well as the #lpI
mutant expressing Tlp14FilZ or Tlp1R3624 R363A
formed clumps that remained at the position
of the initial aerotactic band as the band
moved farther away from the meniscus
(Fig. 6B). These results suggest that the inabil-
ity to bind c-di-GMP correlates with the loss of

supplemental material). Expressing the wild-type Tlp1l (or any of  sensitivity to the oxygen gradient and thus produces a defective
the Tlp1l mutant variants) in the chel tlpl double mutant did not  aerotactic response (Fig. 6B). In addition to forming more
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TABLE 1 Swimming reversal frequency upon air addition in the temporal aerotaxis assay

Prestimulus Response to air addition®
Strain N, frequency Reversal frequency (reversal per s) Adaptation
WT (vector) 0.43 £ 0.05 0.29 * 0.03¢ Yes
chel mutant 0.07 £ 0.02 0 (NR) NA
chel tlpl mutant (vector) 0.27 = 0.03 0.2 £ 0.03 (NR) NA
chel tlpl mutant (pRKTIp1) 0.4 = 0.04 0.07 £ 0.022 Yes
chel tlpl mutant (pRKTIp14%il%) 0.13 = 0.02 0.13 £ 0.02 (NR) NA
chel tlpl mutant (pRKTIp1R3624) 0 0.07 £ 0.02 (NR) NA
chel tlpI mutant (pRKTIp1R5624 R563A) 0.48 = 0.04 0.22 = 0.037 Yes

b NR, no response; NA, not applicable.

a Statistically different from the steady-state swimming reversal frequency prior to air addition.

clumps, the tlpl mutant or the flpl mutant expressing Tlp14P1Z,
TIp1R562A, or Tlp1R5624 R363A 9150 formed more biofilms on abiotic
surfaces than the wild type or the tlpI mutant complemented with
Tlp1 (Fig. 6C). Therefore, c-di-GMP binding to Tlpl promotes
aerotaxis by increasing swimming velocity and decreasing reversal
frequency and also prevents or delays transition of cells to a sessile
lifestyle, which leads to clumps or biofilms on abiotic surfaces.

DISCUSSION

In this study, we demonstrated how the second messenger c-di-
GMP is used by an A. brasilense energy taxis receptor Tlp1 as an
intracellular signal for optimizing responses to changes in oxygen
concentration during aerotaxis. We showed, for the first time, that
sudden changes in aeration affect intracellular c-di-GMP levels
quickly (within seconds) and to a substantial degree (Fig. 2B). The
aerotaxis receptor Tlpl, whose primary sensory mode remains
unknown, monitors these fast changes in intracellular c-di-GMP
to adjust its sensitivity to oxygen. These results also show that
c-di-GMP binding to Tlp1 affects both swimming velocity and
reversal frequency, respectively, via Chel and another, yet un-
identified, Che pathway (Fig. 7).

At the mechanistic level, c-di-GMP binding to the C-terminal
PilZ domain of Tlpl is predicted to cause significant conforma-
tional changes, as has been shown for other PilZ domain receptors
whose structures have been solved in the presence and absence of
c-di-GMP (25, 26). The c-di-GMP-induced conformational
changes may affect Tlp1 interactions with the downstream che-
motaxis signaling complex and/or with other chemotaxis recep-
tors that are known to form mixed multireceptor arrays (27-32).

The data showing that Tlp1 mutants are impaired in c-di-GMP
binding suggest that c-di-GMP controls the sensitivity of TIp1 to
the oxygen changes and the ability to process the signal. These
parameters are usually controlled by chemotaxis adaptation pro-
teins. In E. coli, the adaptation proteins methyltransferase CheB
and methylesterase CheR (24) reset sensitivity of each chemore-
ceptor by regulating its methylation status (33). At present, there
is no evidence that Tlp1 is modified by differential methylation.
Further, temporal responses to oxygen in A. brasilense do not ap-
pear to involve adaptation by differential methylation (34). Here,
we have observed that c-di-GMP binding to TIpl mediates sen-
sory adaptation under conditions of elevated intracellular c-di-
GMP (Fig. 7). Methylation-independent adaptation has been pro-
posed for other energy taxis receptors (35-37), and we suggest that
c-di-GMP binding represents a new adaptation mechanism.
Whether it acts in place of methylation-dependent adaptation or
in addition to it remains to be investigated.

March/April 2013 Volume 4 Issue 2 e00001-13

Tlp1 is a major, but not the only, receptor that mediates energy
taxis in A. brasilense (13, 14). What makes it particularly suitable
for responding to changes in intracellular c-di-GMP? We specu-
late that the answer may lie in the prominent role that Tlp1 plays
in chemo- and aerotaxis in A. brasilense. The lack of Tlp1 causes
aerotaxis and chemotaxis defects under all conditions tested (14).
In this regard, the phenotype of the t[p] mutant is similar to the
phenotypes of strains carrying mutations in the most abundant
E. coli receptors, whose impairment affects the steady-state swim-
ming reversal frequency under various growth conditions (30,
38-40). The highly abundant receptors Tar and Tsr of E. coli are
primarily responsible for sensory adaptation (41-43), and Tlp1
appears to belong to the same category of chemoreceptors. There-
fore, enabling Tlp1 with c-di-GMP sensing allows cells to coordi-
nate locomotor response sensitivity under various conditions.
While we showed here that c-di-GMP levels respond quickly to
changes in oxygen tension and that the c-di-GMP phosphodies-
terase ChsA may contribute to these changes, it is likely that
changes in other environmental stimuli important for
A. brasilense also result in fast changes in intracellular c-di-GMP.
Like many proteobacteria, the A. brasilense genome contains nu-
merous enzymes involved in c-di-GMP synthesis and hydrolysis
that appear to monitor diverse environmental stimuli (7). There-
fore, we predict that intracellular c-di-GMP levels affect chemo-
tactic behavior in response to various stimuli.

Data obtained here have an important implication for the
prevalent paradigm that elevated intracellular c-di-GMP levels
suppress motility and promote sessility (16, 18, 44—46). On the
one hand, A. brasilense conforms to this paradigm, i.e., elevated
c-di-GMP levels (e.g., in the chsA mutant) promote sessility as
evidenced by the increased clumping and improved cell attach-
ment to surfaces. On the other hand, temporary spikes in c-di-
GMP levels sensed by Tlp1 promote motility by increasing swim-
ming velocity and decreasing reversal frequency instead of
inhibiting it. Therefore, the static view of intracellular c-di-GMP
levels as a deterministic factor in bacterial behavior is clearly
overly simplistic. The highly dynamic nature of c-di-GMP signal-
ing, as observed here and reported by other groups (18, 47), makes
c-di-GMP a well-suited intracellular cue to integrate information
from multiple inputs into regulation of the locomotor behavior.
How common is such integration?

An analysis of the protein domain architectures of 20,681 che-
motaxis receptors (Pfam database [48]) indicates that 52 of these
proteins, primarily from the proteobacterial species, contain
C-terminal PilZ domains (Fig. 8). Therefore, c-di-GMP-mediated
chemoreceptor adaptation is clearly not unique to A. brasilense.
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FIG 6 Elevated intracellular c-di-GMP affects the transition from free-
swimming to sessile lifestyle in A. brasilense. (A) Representative images dem-
onstrating cell behavior as observed in cultures grown under conditions of
high aeration and at high cell densities (late exponential phase), in minimal
medium supplemented with ammonium and pyruvate as the nitrogen and
carbon sources, respectively, in A. brasilense Sp7 (left) and its chsA mutant
(right). Plasmids are the same as those described in the legend to Fig. 2A. (B)
Aerotaxis band formation in A. brasilense Sp7 and its tlp1 derivative after 5 min
(left) or 15 min (right) of incubation. Areas of clumped cell accumulation are
indicated by an arrow. Strains and plasmids are the same as described for
Fig. 3B. (C) Biofilm formation of A. brasilense Sp7 and its tlp] mutant after a
3-day incubation in microtiter plates containing MMAB. Biofilm levels were
quantified by the absorbance (ODy,) of crystal violet-stained material recov-
ered from polystyrene surfaces (58). Statistically significant differences are
indicated by two asterisks (P < 0.005).

The influence of c-di-GMP on chemotaxis receptors may be even
broader if one assumes that some chemoreceptors interact with
stand-alone PilZ domain proteins, which are abundant in bacte-
rial genomes (15-18). Further, several hundred chemotaxis recep-
tors contain non-PilZ domains C-terminal of the methyl accept-
ing protein (MCP) domains, suggesting that integration of inputs
from c-di-GMP and other signaling molecules may represent a
widespread mechanism for adapting sensitivity of chemotaxis re-
ceptors.
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TABLE 2 Clump fractions of A. brasilense Sp7 and tlp] mutant
derivatives under conditions of growth with high aeration

Strain Clump fraction® P value
WT (vector) 0.09 + 0.002

tlp] mutant (vector) 0.08 * 0.002 0.07
tlp] mutant (Tlpl) 0.06 = 0.002 0.0005
tlp] mutant (TlplAP“Z) 0.18 = 0.001 0.0003
tlpl mutant (Tlp1R5624) 0.19 £ 0.01 0.0005
tlp] mutant (Tlp1R562A R563A) 0.16 + 0.01 0.0006

@ The clump fraction is defined as the number of clumps relative to the total number of
free-swimming cells.

MATERIALS AND METHODS

Media, bacterial strains, and growth conditions. A. brasilense Sp7, a
wild-type strain, and its tlpI mutant, SG323 (14), were used throughout
this study. Bacterial strains and plasmids are described in Table S1 in the
supplemental material. A. brasilense strains were grown in TY rich me-
dium (10 g tryptone liter, 5 g yeast extract liter!) with the appropriate
antibiotics or minimal medium for A. brasilense (MMAB) (49), at 28°C
with shaking. E. coli strains were grown in LB at 37°C with the appropriate
antibiotics. The biofilm assay was performed using crystal violet (50). For
the flocculation assay, cells were grown overnight at 28°C with shaking in
TY medium to an optical density at 600 nm (ODy,) of 1.1 to 1.3 and then
inoculated into 5 ml MMAB supplied with 0.5 mM sodium nitrate and
8 mM fructose as the nitrogen and carbon sources, respectively, as de-
scribed previously (14). The fraction of flocculation was calculated as
described (8).

Site-specific mutations and complementation. For complementa-
tion, tlpl (GenBank accession number AY584240) and 737 bp upstream
of the start codon were PCR amplified from genomic DNA with primers
Tlp1HindIII-F and Tlp1Xbal-R1 (see Table S2 in the supplemental ma-
terial). The PCR product was digested with HindIII and Xbal and cloned
into pUC19 to yield pUCTIp1 (see Table S1). The HindIII/Xbal fragment
of pUCTIp1 was ligated into a broad-host-range vector, pRK415, resulting
in pRKTIpl. pUCTIp1 was used to construct #lpI12Pil” by PCR amplifica-
tion with primers Tlp1HindIII-F and Tlp1Xbal-R2 (see Table S2), diges-
tion with HindIII and Xbal, and ligation into pRK415 (51) to yield pRK-
pilZ. Both constructs were introduced into A. brasilense SG323 by
triparental mating using pRK2013 as a helper (52). For site-directed mu-
tagenesis, codons were replaced using pUCTIp1 as the template and the
QuikChange II kit (Stratagene). The mutated tlpI versions were cloned
into plasmid pRK415 as described for the wild-type tlp1. The primers used
for site-directed mutagenesis are listed in Table S2.

Behavioral assays. The soft agar assay was performed by incubating
liquid cultures in MMAB with shaking overnight at 28°C. The optical
density of the cultures was standardized, and 5 ul was inoculated into
0.3% MMAB. Plates were incubated 48 h at 28°C. Spatial aerotaxis assays
were performed in a perfused chamber as previously described (9). Over
95% of cells were motile within the cell suspension prepared. In this assay,
the wild-type strain formed an aerotactic band within 2 min.

For the temporal aerotaxis assay, a 10-ul drop of motile cells sus-
pended in MMAB supplied with 10 mM pyruvate as a carbon source was
placed in a chamber in which the humidified gas flowing above the drop
can be controlled as previously described (53). First, compressed air (21%
oxygen) was allowed to flow over the cell suspension until cells were equil-
ibrated (5 min). Pure nitrogen gas, which does not affect A. brasilense
behavior (9), was next quickly (<1 s) added to the cell suspension (air
removal stimulus). After 6 min, the nitrogen gas flowing into the chamber
was replaced with compressed air (air addition stimulus). The entire assay
was recorded with the use of a charge-coupled-device (CCD) camera for
video and motion tracking analysis. Analysis of swimming velocity was
performed using CellTrak version 1.5 (Motion Analysis Corp., Santa
Rosa, CA). One- to three-second segments of video were optimized to
subtract background using Image]J (http://rsb.info.nih.gov/ij/). For deter-
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FIG 7 Model depicting the effect of c-di-GMP binding to Tlp1 on changes in swimming
velocity and reversal frequency mediated by the Che pathways. The pointed arrows indicate
activation, while blunt-end arrows indicate inhibition. The C-terminal PilZ domain of Tlp1
is represented as an oval. Trimers of receptor dimers are represented as simplification of
chemotaxis signaling clusters. The light-gray text and arrows indicate conditions of in-

creased aeration and intracellular c-di-GMP levels.

mination of reversal frequencies of cell suspensions, 30-frame segments
(30 frames taken in 1 s) of video were analyzed using Image]. Individual
cells visible in all frames were analyzed for changes in swimming direction.
Each cell analyzed was marked (Cell Counter plugin) to ensure no dupli-
cations, and the resulting number of direction changes was recorded in
Excel (Microsoft Corp., Redmond, WA). At least 100 cells were analyzed
for each time point. The average reversal frequency was calculated in Excel.

Protein overexpression and purification. The DNA fragment corre-
sponding to amino acids (aa) 344 to 660 of the wild-type Tlpl (which
encode the C-terminal MCP and PilZ domains but lack the N-terminal
transmembrane and HAMP domains) was amplified and cloned into
PMAL-c2x (NEB) to construct maltose binding protein (MBP) transla-
tional fusion using pMAL-TIp-F-Xbal and pMAL-TIp-R-HindIII (see Ta-
ble S2 in the supplemental material). The R562A, R563A, R567, and N589
mutations were made via site-directed mutagenesis (QuikChange II;
Stratagene) using the vector with cloned MBP-cTlp1 as the template (see
Table S1). The MBP-TIpl fusion protein and its mutants, MBP-
CTIp1RS62A,  MBP-cTIpIR562A RS63A  MBP-cTIpI1R567D, and MBP-
cTIpI1N589A were overexpressed and purified, essentially as previously de-
scribed (54). Protein purity was assessed by SDS-PAGE. Protein
concentrations were measured with the Bradford protein assay kit (Bio-Rad).

Equilibrium dialysis. Protein-nucleotide binding was examined by
equilibrium dialysis in Dispo-Biodialyzer cassettes (The Nest Group,
Southborough, MA) as previously reported (21). The nucleotide concen-
trations were quantified by measuring peak areas of the eluted nucleotides
from the HPLC column as described earlier (54). Binding constants were
calculated by the GraphPad Prism software, version 5.03 (GraphPad Soft-
ware, San Diego, CA), using the nonlinear regression model.

Antibody production, affinity purification, and Western blots. A
C-terminal fragment of Tlp1 (aa 299 to 664) was PCR amplified from
pUCTIp1 with the native stop codon and recombined into pDONR221
using BP Clonase II (Invitrogen) by using the manufacturer’s protocol
and sequence verified to yield pDONR#lp©ter™, Tlp1Cterm was introduced
into pET-59-DEST (Novagen) using LR clonase II (Invitrogen), yielding
pET-TIp1C, and sequence verified (see Table S1 in the supplemental ma-
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terial). A correct clone was transformed into E. coli
BL21(DE3) for recombinant protein expression and pu-
rification over an Ni-nitrilotriacetic acid (NTA) agarose
column (Qiagen), according to the manufacturer’s rec-
ommendations (Invitrogen). The affinity tags were
cleaved from Tlp1¢ter™ using thrombin (Novagen) per
the manufacturer’s protocol, and purified Tlp1©ter™ was
eluted after passage through an additional Ni-NTA aga-
rose column. Protein purity was verified by SDS-PAGE,
and Tlp1€te™™ was sent for antibody production in rabbit
(Thermo Scientific). Antisera were affinity purified using
whole-cell extracts of the #lp] mutant conjugated to
NHS-Sepharose 4B (Sigma). For Western blots, proteins
from SDS-PAGE were transferred to nitrocellulose using
a trans-blot SD semidry transfer cell (Bio-Rad) and
probed with the affinity-purified anti-TIp1€ter™ antise-
rum as a primary antibody (1:5,000) as described previ-
ously (13).

Preparation of the stable-isotope-labeled internal
standard, (13C,,)c-di-GMP. E. coli BL21(pRP87) capable
of overexpressing PleD*, a constitutively active diguany-
late cyclase from Caulobacter crescentus (55), was grown
and induced in M9 medium supplemented with '3C-
glucose as the carbon source. This allowed purification of
PleD* containing ('3C,,), as opposed to (12C,,)c-di-
GMP. Briefly, cells were inoculated into M9 medium
from an overnight culture and grown to an OD,, of 0.5.
Isopropyl-B-p-thiogalactopyranoside (IPTG) was added
to a final concentration of 0.4 mM, and the cells were
incubated at 22°C overnight. Cells were collected, resus-
pended in lysis buffer (25 mM Tris-HCl [pH 8.0],
500 mM NaCl, 10 mM imidazole) and lysed by several passages through a
French press. Cell debris was removed by centrifugation at 17,000 rpm for
45 min. The supernatant was incubated with equilibrated Ni-agarose resin
by batch binding at 4°C for 30 min and loaded onto a gravity column,
washed thoroughly with wash buffer (lysis buffer with 30 mM imidazole),
and eluted with 250 mM imidazole. The eluate was concentrated by ultra-
filtration and dialyzed to remove imidazole prior to (1*C,,)c-di-GMP
synthesis. (13C,,)c-di-GMP was synthesized using (*C,,)GTP (25 uM;
Sigma-Aldrich) and aliquots of purified PleD* (30 uM) in synthesis buffer
(75 mM Tris-HCI [pH 8], 250 mM NaCl, 25 mM KCl, and 10 mM MgCl,)
overnight at 25°C. Due to (1*C,,)c-di-GMP product inhibition of PleD
activity, the enzyme was concentrated by ultrafiltration, and the superna-
tant containing the (3C,,)c-di-GMP was collected and checked for purity
via LC-MS/MS. The enzyme fraction was then resuspended in fresh syn-
thesis buffer with an additional 25 uM (13C,,)GTP to facilitate further
synthesis. After overnight incubation, samples were boiled 10 min and
centrifuged, and the (13C,;)c-di-GMP containing supernatant was col-
lected and analyzed. Solutions were tested for the presence of any GDP,
GTP, c-di-GMP, and their corresponding '*C-isotopologues via LC-MS/
MS. Those that contained only (*C,)c-di-GMP were pooled and lyoph-
ilized. The powder was then resuspended in approximately 10 ml, and the
final concentration was determined by measuring the absorbance of the
solutions with a UV-Vis spectrometer at 254 nm and using an extinction
coefficient of 26,100 M~! cm™! to calculate concentrations (56). The
stock solution was 190 uM.

c-di-GMP extraction in a temporal assay for aerotaxis. Cultures of
A. brasilense were grown overnight in MMAB supplemented with 5%
(wt/vol) pyruvate instead of malate. Cultures were transferred to sterile
medium bottles, allowing gas infusion into the media. Cultures were in-
fused with air for several minutes to equilibrate cells. An initial 40-ml
sample of cells was extracted and quickly frozen in conical tubes with
liquid nitrogen (time 0). The gas was then switched to nitrogen, and three
additional 40-ml samples were extracted and frozen 10, 20, and 40 s after
gas switch. After 5.5 min of nitrogen infusion, a 40-ml sample was ex-
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tracted and frozen. At 6 min after initial gas switch, air was replaced with
nitrogen gas and three additional samples were taken 10, 20, and 40 s after
the switch and frozen. Samples were centrifuged at 6,000 rpm. The cell
pellets were quickly resuspended with extraction buffer (acetonitrile-
methanol-water, 40:40:20, with 0.1 M formic acid) supplemented with
benzoic acid (17 uM) and (13C,,)c-di-GMP (0.76 uM) and incubated on
ice for 30 min. The cell extracts were centrifuged at 14,000 rpm for 15 min,
and 300 ul of the supernatants was quickly transferred to an autosampler
vial with 26 ul 15% ammonium carbonate.

Mass spectrometry and quantification of intracellular c-di-GMP.
This metabolite was measured using a previously reported procedure with
slight modifications (57). For separation of metabolites, a C stationary-
phase column (150 by 2.0 mm) with a proprietary imbedded polar group
was used (Synergy Hydro-RP; Phenomenex, Torrance, CA) packed with
80-A particles with 4-um pores and maintained at 25°C. The mobile
phases consisted of solvent A, 11 mM tributylamine, and 15 mM acetic
acid in 97% HPLC-grade water and 3% HPLC-grade methanol; and sol-
vent B, HPLC-grade methanol. These solvents were used to create a 50-
min gradient of the following profile: + = 0 min, 100% solvent A, 0%
solvent B; t = 5 min, 100% solvent A, 0% solvent B; t = 10 min, 80%
solvent A, 20% solvent B; t = 15, 80% solvent A, 20% solvent B; t = 30,
35% solvent A, 65% solvent B; t = 33, 5% solvent A, 95% solvent B; t = 37,
5% solvent A, 95% solvent B; t = 38, 100% solvent A, 0% solvent B; t = 50,
100% solvent A, 0% solvent B. The flow rate was 200 ul min~—!. The eluent
was introduced directly into a Finnigan TSQ Quantum Discovery Max
triple quadrupole mass spectrometer. Ions were detected using multiple-
reaction monitoring mode. Peaks were integrated manually in Xcalibur
QualBrowser, and the concentration of c-di-GMP was calculated using
the following equation:

C_dl_GMP 51gnél X known (*C,y)c-di-GMP X #
(PCy)c-di-GMP signal [protein]

1 _ [c-di-GMP]
X volume extraction solvent =—————

volume sampled Protein
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