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ABSTRACT: A commonly observed coupling of sensory domains to GGDEF-class diguanylate cyclases and
EAL-class phosphodiesterases has long suggested that c-di-GMP synthesizing and degrading enzymes sense
environmental signals. Nevertheless, relatively few signal ligands have been identified for these sensors, and
even fewer instances of in vitro switching by ligand have been demonstrated. Here we describe an Escherichia
coli two-gene operon, dosCP, for control of c-di-GMP by oxygen. In this operon, the gene encoding the
oxygen-sensing c-di-GMP phosphodiesterase Ec Dos (here renamed Ec DosP) follows and is translationally
coupled to a gene encoding a diguanylate cyclase, here designated DosC. We present the first characteriza-
tions of DosC and a detailed study of the ligand—dose response of DosP. Our results show that DosC is a
globin-coupled sensor with an apolar but accessible heme pocket that binds oxygen with a K4 of 20 uM. The
response of DosP activation to increasing oxygen concentration is a complex function of its ligand saturation
such that over 80% of the activation occurs in solutions that exceed 30% of air saturation (oxygen > 75 uM).
Finally, we find that DosP and DosC associate into a functional complex. We conclude that the dosCP operon

encodes two oxygen sensors that cooperate in the controlled production and removal of ¢-di-GMP.

The relatively recently discovered dinucleotide 3'—5 cyclic
diguanylic acid (c-di-GMP)' is an important and ubiquitous
second messenger in bacteria (/—3). The first demonstrated
function for ¢-di-GMP was the discovery, by Benziman and
colleagues, that c-di-GMP allosterically activates the cellulose
synthase complex that produces the cellulosic raft covers of
Gluconacetobacter xylinus (formerly Acetobacter xylinum) static
cultures (4, 5). Consistent with this initially observed role of
c-di-GMP, most of the functions thus far discovered for the
dinucleotide have related to bacterial cell-surface adhesiveness
and biofilm formation (6—10). There is increasing interest in
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biofilms because they are known to protect bacteria from
antibiotic exposure and to exacerbate some chronic infections in
humans (/7).

Since the pioneering work on G. xylinus and bioinformatics
studies suggesting that the GGDEF/EAL-domain enzymes for -
¢c-di-GMP synthesis and degradation occur in many bacterial
species, interest in this second messenger has been revived, and
our understanding of it has grown (3, 7, 12—15). Nevertheless,
fundamental questions remain unanswered about the c-di-GMP
homeostatic mechanism. For example, what signals regulate the
activities of the diguanylate cyclases (DGC) and c-di-GMP
phosphodiesterases (PDE)? That such signals exist is indicated
by the recognizable signaling domains in these proteins that
accompany their enzymatic domains (3, 6, 16—18). Even so,
relatively few studies have directly addressed the coupling of a
signaling domain to a DGC or PDE activity (/9—21). Another
important question regards the in vivo targets of c-di-GMP. The
range of ¢-di-GMP’s influence was recently shown to include
metabolite-binding regions in mRNAs that could be targeted for
aborting specific transcripts (22). Though few protein targets
have been identified for c-di-GMP, the example of the G. xylinus
cellulose synthase represents an important precedent that this
molecule can serve as an allosteric effector of target proteins (4).
Additional proteins known to bind c-di-GMP include a putative
c-di-GMP receptor and several DGCs that are allosterically
inhibited by their cyclic nucleotide product (21, 23, 24). We have
proposed that c-di-GMP acts via a direct activation or inhibition
of a target molecule, rather than a change in the expression levels
of the target, to govern adaptations that are too transient to be
mediated by new gene expression (6, 25).
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The numbers of GGDEF/EAL proteins encoded by bacteria
pose yet another puzzle: why are so many of these proteins
needed in some species if GGDEF domains reliably manifest a
DGC activity and EAL domains a c-di-GMP-dedicated PDE
activity (18, 26, 27)? The Escherichia coli KI2 genome, for
example, encodes 12 proteins with a GGDEF domain, 10 with
an EAL, and 7 with both GGDEF and EAL (28, 29). By contrast
to this panoply of c-di-GMP-dedicated enzymes, E. coli possesses
a single adenylate cyclase and a single cAMP phosphodiester-
ase (30, 31). Nevertheless, in several instances, a phenotypic
change demonstrably results in a bacterium from the deletion of a
single DGC or PDE (21, 32—34). Why should this be so, if several
other enzymes in the same cell can, in principle, complement this
deficiency? For the GGDEF- and EAL-domain proteins, the
genetic data have, on the whole, been inconsistent with a model
where a freely diffusible intracellular pool of c-di-GMP regulates
the adaptive responses. We propose instead that the observations
favor a model where a specific DGC and PDE determine the
availability of c-di-GMP to a precise target.

The presence of c-di-GMP at a specific site would in turn be
governed by the physiological state of an organism and its
environment. In such a scheme, the response of a DGC or
PDE to physiological signal would be paramount. Oxygen
appears to be a very important signal ligand for regulating DGCs
and PDEs. Regulation by O, was first demonstrated for
G. xylinus PDE-A1, the main G. xylinus enzyme that turns off
cellulose synthesis (19). Shortly thereafter, an E. coli PDE highly
homologous to G. xylinus PDE-A1 was identified and named
Ec Dos (E. coli direct oxygen sensor) in anticipation of an
O,-regulated phosphodiesterase activity (25). More recently,
Alam, Gilles-Gonzalez, and their colleagues found a diguanylate
cyclase, Bpe GReg, in the whooping cough pathogen Bordetella
pertussis and demonstrated that this enzyme is involved in biofilm
production and subject to O, regulation (21). Altogether, these
findings point to an important and intimate connection between
0, and c¢-di-GMP metabolism.

Here we describe a heme-containing E. coli DGC, which we are
naming Ec DosC (E. coli direct oxygen sensing cyclase). This
protein had heretofore not been purified; however, it has long
been noted to possess a GGDEF domain unaccompanied by an
EAL, and the gene (variously called yddV, yhcK, and Ec greg)
had for this reason been exploited for in vivo complementation
experiments (2, 26, 35). Ec DosC closely resembles the B. pertussis
cyclase Bpe GReg in sequence, but the two proteins differ in at
least one important respect: Ec dosC is expressed jointly with
Ec dos in a translationally coupled operon, whereas Bpe greg is
expressed singly from a genome that possesses no Ec dos
homologue. We propose here that the “dos” gene name be
modified to “dosP”, for direct oxygen sensing phosphodiesterase,
to acknowledge this protein’s enzymatic activity in addition to its
sensing function and to distinguish it from other potential O,
sensors in E. coli. Our study demonstrates that the expression of
the E. coli dosCP operon yields a functional complex of DosC
and DosP. In addition, the studies reveal a DosP O, dose
response that is consistent with the detection of slowed cell
growth.

MATERIALS AND METHODS

Genetic Manipulations. The designs of oligonucleotide
primers for amplifying regions of the dosCP operon were based
on the E. coli genome sequence published by Blattner and
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colleagues (36). E. coli genomic DNA served as the template in
polymerase chain reactions (PCR). The PCR primers appended a
Nsil or Ndel restriction site to the 5" end and a HindIIl or
Notl site to the 3’ end of each amplified DNA. The amplified
products with dosCP and dosCy (codons 2—160) were cloned as
Nsil—Notl fragments into an E. coli pUCI19-based expression
vector such that the final plasmids conferred ampicillin resistance
and tac-promoter control of the recombinant genes. The
E. coli malE gene was fused to the 5 end of dosC by cloning
the dosCP-coding sequence as a Nsil—Notl fragment into the
E. colivector pMAL-c2e (New England Biolabs), where Nsil and
Notl restriction sites were engineered into the polylinker.

Gene Expression and Protein Purification. The dosCP
operon was overexpressed in E. coli in a Bioflow 3000 4-L
fermentor with continuous supplementation of LB and glucose.
This fermentor features automatic control of temperature via
electrical heating and circulation of chilled water so that any
programmed temperature is reached within 2 min and main-
tained automatically within 0.1 °C. It was initially set to 37 °C.
The pH was programmed for 7.5 and was automatically main-
tained within 0.2 unit of this value by precise additions of neat
NH,OH to neutralize bacterial catabolites. The O, electrode was
calibrated by agitating the medium vigorously with air and
setting that point as 100% air saturation once the electrode
reading stabilized. The O, concentration was set to 4% O,
(i.e., 20% of atmospheric O,) and maintained by automatic
adjustments of the agitation rate and the percentage of O, in a
feed of air and pure O,. When the cultures reached 30 g/L of wet
cells, isopropyl 5-p-1-thiogalactopyranoside (IPTG) was added
to a final concentration of 1.0 mM, and the fermentor tempera-
ture was changed to 27 °C. The cells were harvested 20 h later.
The dosCy region, encoding a sensory globin domain, and the
malE:dosC fusion were expressed in shaker cultures of
E. coli. The media initially consisted of LB with 200 ug/mL
ampicillin and 0.2% (w/v) glucose. When the cultures reached
Agoo ~ 0.5, gene expression was induced with 1.0 mM IPTG, and
the temperature was reduced to 27 °C. The cells were harvested
4—8 h postinduction.

All subsequent protein purification steps were at 4 °C, with
monitoring of the proteins from their bright red color or
absorption spectra (Cary 4000 UV—vis spectrophotometer;
Varian). The dosC P-overexpressing cells were lysed by sonicating
the harvested cell pellet in lysis buffer [5S0 mM Tris-HCI, pH 8.0,
150 mM NacCl, 5.0 mM dithiothreitol (DTT), 1.0 mM EDTA,
0.050 mg/mL lysozyme, and 0.17 mg/mL PMSF]. After 40 min of
centrifugation at 70000 rpm, the cleared lysate was brought to
0.40 M (NH,),SO, and loaded onto a phenyl-Sepharose fast-flow
column (GE Healthcare) equilibrated with 0.40 M (NH,4),SO,
in FS buffer (50 mM Tris-HCI, 150 mM NaCl, 5.0 mM DTT,
1.0 mM EDTA, pH 8.0). The column was washed sequentially
with FS buffer containing 0.40, 0.20, and 0.10 M (NH,4),SO,
prior to elution of the bound DosC—DosP complex with FS
buffer without (NH4),SO,. The recovered DosC—DosP com-
plex, easily identified by its color, was loaded ontoa I m x 25 mm
Superdex S200 column (GE Healthcare) preequilibrated with
50 mM Tris-HCI, 50 mM NaCl, and 5.0% (v/v) glycerol, pH
8.0. The collected fractions were analyzed for their purity and
protein contents from their spectra, from Bradford protein assays
(Bio-Rad), and from Coomassie-stained SDS—PAGE gels (37).

Cells overproducing DosCy were sonicated in the same lysis
buffer described above, except for replacement of DTT with
p-mercaptoethanol (10 mM). After 40 min of centrifugation at
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70000 rpm, the cleared lysate was brought to 1.2 M (NHy4),SO4
and centrifuged at 12000 rpm for 15 min. The pellet was
discarded, and the supernatant was slowly brought to 2.4 M
(NHy)»SO4. After 15 min of centrifugation at 12000 rpm, the
protein pellets were stored at —80 °C. Later the protein pellets
were resuspended in 2 volumes of 20 mM Tris-HCI and 10 mM
p-mercaptoethanol, pH 8.0, and a small fraction of undissolved
materials was removed by 15 min of centrifugation at 12000 rpm.
The supernatant was desalted through a Sephadex G25 column
preequilibrated in 20 mM Tris-HCl and 10 mM f-mercaptoetha-
nol, pH 8.0, and then applied to a DEAE-Sepharose 10 cm
(height) x 3 cm (diameter) column preequilibrated with the same
buffer. After thorough washing of the column with the loading
buffer, the DosCy was slowly eluted from buffer supplemented
with 150 mM NaCl. The eluted DosCy was concentrated,
purified to homogeneity by gel-filtration chromatography
(Superdex S200, 1 m x 25 mm; GE Healthcare), and stored
at —80 °C.

For MBP-DosC, the harvested cells (~24 g) were resuspended
in 40 mL of lysis buffer [S0 mM Tris-HCI, pH 8.0, 150 mM NaCl,
5mM MgCl,, | mM DTT, 5% (v/v) glycerol] and centrifuged at
5000 rpm for 15 min, and the resulting cell pellets were frozen
initially on dry ice and then overnight at —20 °C. Twelve grams of
frozen cells was resuspended in 35 mL of lysis buffer supple-
mented with 42 mg of lysozyme and 7 mg of PMSF and incubated
on ice for 20 min. The cells were then completely disrupted by
sonication and centrifuged at 70000 rpm for 35 min, and the
supernatant was applied directly onto an amylose-resin matrix
[9 cm (height) X 2 cm (diameter); New England Biolabs] pre-
equilibrated with lysis buffer. After extensive washing with wash
buffer (50 mM Tris-HCI, pH 8.0, 200 mM NaCl, ] mM EDTA, 1
mM DTT), the bound MBP-DosC was eluted with wash buffer
containing 10 mM maltose. Glycerol was added to the eluted
MBP-DosC to a final concentration of 5% (v/v), and the purified
protein was frozen with liquid N, and stored at —80 °C.

Absorption Spectra, Ligand Binding, and Autoxidation.
Unless otherwise noted, all determinations of UV—vis absorp-
tion and ligand binding were for 2—5 uM protein in 0.10 M
sodium phosphate, pH 7.5 at 25 °C. Absorption spectra were
monitored with a Cary 4000 UV-—vis spectrophotometer
(Varian). Laser-flash photolysis and stopped-flow measurements
were made with an LKS.60 laser kinetic spectrometer fitted with
a PiStar stopped-flow drive unit (Applied Photophysics, Leather-
head U.K.). For sample excitation, the LKS.60 spectrometer was
coupled to a Quantel Brilliant B Nd:YAG laser with second-
harmonic generation. Ligand-binding kinetics were followed at a
wavelength of maximum difference between the starting and final
species. Each association rate constant was calculated from a
linear plot of kg Versus ligand concentration including at least
four ligand concentrations.

Binding of O,, CO, and NO was measured for the ferrous
forms of the heme proteins, and binding of imidazole and cyanide
was measured for their ferric forms. Association rates for O,
(80—1280 uM) and NO (30—240 uM) were measured by laser-
flash photolysis at two wavelengths (412—417 and 433—435 nm).
Association rates for CO (30—960 uM) were measured by both
stopped-flow and laser-flash photolysis at two wavelengths
(419 and 433—435 nm). Association rates for imidazole
(0.25—4.0 mM) and cyanide (12.5—50 mM) were measured by
stopped-flow at 390 and 420 nm, respectively. The O, dissocia-
tion rate constant was measured by stopped flow at both 412 and
433—435 nm by mixing oxy protein in 50—256 uM free O, with a
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solution of 2.0 mM sodium dithionite. The CO dissociation rate
constant was measured by ligand replacement in the stopped flow
at 421 nm by mixing carbonmonoxy protein in 10—30 uM free
COwitha 1.0—2.0 mM solution of NO. The cyanide dissociation
rate constant was measured as follows: met-DosCy was equili-
brated with 1.0 mM KCN and passed through a desalting column
(Biospin; Bio-Rad) preequilibrated with 0.10 M sodium phos-
phate and 0.20 M imidazole, pH 7.5, and whole absorption
spectra were recorded for the transition from cyanomet to
imidazolemet DosCy. The spectra were deconvoluted into
cyanomet and imidazolemet components by multiple linear
regression, and the rates were calculated from the change in the
fraction of imidazolemet-DosCy over time.

The equilibrium dissociation constants for binding of O, and
CO were measured directly by mixing the deoxy protein with
1.0—1280 uM O, or 1.0—960 uM CO dissolved in buffer (0.10 M
sodium phosphate, pH 7.5). Linear combinations of whole basis
spectra for the deoxy, oxy, and carbonmonoxy states of the
protein were used to determine its saturation at varying O, and
CO concentrations. K4 and Hill constant were calculated by
fitting the saturation versus ligand concentration curve (R*> >
0.99) to the Hill equation in Excel.

Diguanylate Cyclase Assays. Assays of diguanylate cyclase
activity were done for 1-5 uM DosC in 20 mM sodium
phosphate, pH 7.5, 10 mM MgCl,, and 2.0 mM DTT at 30 °C.
To start the reactions, GTP (a->*P-labeled; Perkin-Elmer) was
added to 500 uM. At the appropriate times, an aliquot of the
reaction mixture was removed and added to an equal volume of
0.10 M EDTA, pH 8.0. Stopped time points were heated at 95 °C
for 5 min and centrifuged, and 1—2 uL of the supernatant was
spotted onto polyethyleneimine—cellulose thin-layer chromatog-
raphy plates (PEI-TLC; Merck KGaA, Darmstadt, Germany)
and developed in a 1.5:1.0 mixture of KH,PO4 (1.5 M, pH
3.6):(NH4),SO4 (4.0 M, pH 3.6). Under these conditions, GTP
migrates with R, = 0.58, pGpG with R, = 0.34, and c-di-GMP
with Ry = 0.18. The dried TLC plates were imaged with a storage
phosphor screen (Kodak K-HD) and a Personal Molecular
Imager FX phosphorimager (Bio-Rad) and quantified with
Quantity One software version 4.4.0 (Bio-Rad).

Cyclic di-GM P Production and Purification. Radioactive
and nonradioactive c-di-GMPs were synthesized enzymatically
from [0-?P]|GTP (Perkin-Elmer) or GTP (Roche) using Bpe
GReg (21). Overnight reactions were heated at 95 °C for 10 min
and centrifuged to remove the precipitated Bpe GReg, and the
supernatant was loaded onto a Sep-Pak C18 cartridge (Waters,
Milford, MA). The column was washed with 3 volumes of 0.15 M
KH,PO, and eluted with acetonitrile. The solvent from the eluted
c-di-GMP was evaporated by drying under a stream of N». The
crystalline ¢c-di-GMP was resuspended in 10 mM Tris-HCI, pH
8.0, and stored at —20 °C. The ¢-di-GMP purity was determined
by HPLC, and the concentration was calculated from the 253 nm
absorption (e,53 = 23700 M~ em ™).

Phosphodiesterase Assays. Deoxy-DosP was prepared by
reducing the protein with DTT in an anaerobic glovebag (Coy,
Grasslake, MI). Oxy-DosP was prepared by bubbling air into
samples of deoxy-DosP. Assays of phosphodiesterase activity
were done for 0.20—1.0 uM DosP in 20 mM sodium phosphate,
10 mM MgCl,, and 2 mM DTT, pH 7.5 at 30 °C. To start the
reactions, ¢-di-GMP (unlabeled or **P-labeled) was added to a
final concentration 10—100 uM. At the appropriate times, an
aliquot of the reaction mixture was removed and added to an
equal volume of 0.10 M EDTA, pH 8.0. Stopped time points were
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FIGURE 1: Two heme-based sensors encoded by an operon for c-di-GMP homeostasis. (A) Genetic organization of the E. coli dosCP operon and

domain organizations of the corresponding proteins. The first gene in the operon was provisionally named yddV or yhcK; we renamed it dosC for
direct oxygen-sensing cyclase. The second gene was provisionally named yddU and later named dos; we are proposing here that the name be
amended to dosP for direct oxygen-sensing phosphodiesterase. (B) Domain organizations of O,-sensing enzymes for c-di-GMP homeostasis. The
GGDEF enzymes couple a diguanylate cyclase to an N-terminal modified globin domain. The EAL enzymes couple a c-di-GMP phosphodi-
esterase to an N-terminal heme-binding PAS domain. (C) Amino acid sequence alignment of the sensory region of DosC with that of the known
globin-coupled sensor Bpe GReg, the known heme-binding protein Av GReg, and structural alignments of HemAT-Bs with sperm whale
myoglobin (SW Mb) (21, 61). The lines above the sequences indicate the A- through H-helices of SW Mb. The residues highlighted in red are
conserved in the sensory globins and SW Mb; those highlighted in blue are similar in the GCSs but different from corresponding positions in SW
Mb. The asterisks denote the SW Mb proximal (F8) histidine of heme attachment and distal (E7) histidine; the filled circles indicate HemAT-Bs

residues lining the ligand-binding heme distal pocket (39).

heated at 95 °C for 5 min and centrifuged to remove the
precipitated DosP. Radioactive samples were processed, imaged,
and quantified as described above for the DGC assays. Non-
radioactive samples (10 uL) were loaded onto an Adsorbosphere
Nucleotide-Nucleoside reversed-phase HPLC column (Alltech,
250 x 4.6 mm) equipped with an Adsorbosphere Nucleotide-
Nucleoside guard column (Alltech/Grace, 7.5 x 4.6 mm). The
mobile phase consisted of (A) 0.15 M NaH,PO,, pH 5.2, and (B)
40% (v/v) acetonitrile balanced with 0.15 M NaH,PO,4, pH 5.2.
A linear gradient from 0% to 35% buffer B for 10 min at
I mL/min was used to separate the pGpG product from the
c-di-GMP substrate.

RESULTS

The E. coli dosCP Operon Encodes Two Sensory Heme
Proteins. The dosC-dosP region of the E. coli genome, pre-
viously designated yddV-yddU or yhcK-yddU, constitutes a two-
gene operon where both of the genes encode heme proteins for
c-di-GMP homeostasis (Figure 1). The promoter for this operon
resides upstream of dosC, and only the dosC stop codon separates

this gene from the start of dosP (35). This genetic organization
indicated coupling, not only of dosCP transcription but also of
DosC and DosP translation. We therefore supposed that, like
other bacterial genes that are thus organized, e.g., many histidine—
protein kinase and response—regulator couples, the products of
the dosCP operon might jointly function. E. coli DosP (formerly
called Dos or EcDos) is relatively well studied and is known to
join a heme-binding PAS domain to a c-di-GMP phosphodies-
terase region (25, 38). By contrast, E. coli DosC had never been
purified. This protein had, however, been noted to contain a
C-terminal GGDEF domain without an accompanying EAL,
and the overexpression of its gene had been exploited to
complement deletions of GGDEF-domain proteins from several
heterologous hosts (2, 26, 35).

In Figure 1, the DosC N-terminal domain sequence was
compared to the sequences of other sensory globins, some of
which are of known structure. This comparison showed DosC to
be more closely related to the sensory globins (47% sequence
similarity and 18% identity to HemAT-Bs) than to mammalian
Mb. Many globins from organisms as diverse as vertebrates,
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insects, and plants share a general structural fold that allows
certain features to be compared. Sensory globins, which are
considered more ancient, do not share all of these features. For
example, the entire D-helix and the first half of the E-helix,
including the typical distal (E7) histidine, are absent from
HemAT-Bs; we expect that this is also true for DosC (17, 39,
40). The homology between DosC and mammalian globins is
very low. The main globin residues conserved in DosC were the
F8-histidine residue of heme attachment and the C2-proline (H98
and P50, respectively). In the alignment, the closest DosC relative
was Bpe GReg (55% similarity and 34% identity overall):
a proven globin-coupled sensor with O,-regulated DGC
activity (21).

To determine if DosC binds heme in its N-terminal region, we
examined two versions of this protein for the presence of heme:
the DosCy fragment, representing only the sensory globin
domain, and a MBP-DosC fusion with the full-length protein
(Figure 2A). Size-exclusion chromatography showed the DosCy
construct to be dimeric, and pyridine hemochromogen assays
determined both DosCy and MBP-DosC to contain one heme
per monomer (not shown) (41). Absorption spectra of DosC
further confirmed its heme protein nature and the capacity of its
ferrous state to bind ligands such as O, and CO and the ferric
state to bind ligands such as CN™ and imidazole (Figure 2B).

DosC Presents an Accessible but Apolar Binding Site to
O, and Other Heme Ligands. The met form of DosC (Fe'™)
showed an absorption spectrum typical of heme with a five-
coordinate high-spin iron atom. Specifically, the spectrum
showed a Soret absorption band around 391 nm, together with
a broad and less intense band around 500 nm, and a smaller peak
around 650 nm (Figure 2B). Spectra of this sort indicate that
water or hydroxide do not coordinate to the heme iron in the
ferric state. In two well-established cases where met spectra
similar to that of met-DosC were observed, this was explained
by the inability of distal pocket residues to accept a hydrogen
bond from bound water or hydroxide (42—45). Additional
evidence for an apolar heme pocket comes from the relatively
slow kinetics of cyanide binding to met-DosC (Table 1). Cyanide
enters the heme pocket exclusively as the neutral protonated
HCN species, both because this species comprises >99% of the
cyanide at neutral pH and because the charged CN ™ species is
effectively excluded from the hydrophobic heme pocket (as even
the most “polar” ligand-binding heme pocket is far more hydro-
phobic than aqueous solution). Since HCN is not a heme ligand,
the HCN molecule must transfer its proton to a distal pocket
residue before it can bind to heme iron. The kinetics of cyanide
binding in all heme proteins for which this reaction has been
studied is limited by the rate of this deprotonation of neutral
HCN inside the heme pocket; for DosC these kinetics suggest
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that a readily ionizable residue is not near to the bound
ligand (46). Consistent with this hypothesis, the alignment in
Figure 1C suggests that the DosC heme distal pocket is lined with
residues F42, Y43, L56, L65, A68, and M69. Compared to SW
Mb, the DosC heme iron bound cyanide 100 times more slowly,
yet it bound imidazole 30 times more rapidly. Since the factor
limiting the kinetics of binding for ligands as bulky as imidazole is
usually steric accessibility, we may conclude that the DosC
pocket is much less sterically constrained than that of SW Mb
(Table 1) (47).

DosC binds O, about 30-fold less tightly than the homologous
Bpe GReg (Table 2). Compared to Bpe GReg, the DosC asso-
ciation rate constant for binding of O, was 4-fold lower, whereas
the dissociation rate constant was 8-fold higher (Table 2). The
MBP-DosC and DosCy; constructs showed a similar O, affinity
(Kqg ~ 10—20 uM) (Figure 3, Table 2). Likewise, the two
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FIGURE 2: E. coli DosC contains a sensory globin domain. (A)
Coomassie-stained SDS—PAGE showing two soluble constructs of
E. coli DosC: the DosCy and MBP-DosC proteins. (B) Absorption
spectra. The top panel show ferrous species: deoxy (Fe'l, black), oxy
(Fe""0,, gray), and carbonmonoxy (Fe'"CO, broken line). The
bottom panel shows ferric species: met (Fe'", black), cyanomet
(Fe'CN™, gray), and imidazolemet (Fe'"Imid, broken line).

Table 1: Ligand-Binding and Autoxidation Parameters of Selected Heme Proteins?

CN™ imidazole
kon (mM™'s71) Kogr (s~ Kq (uM) kon (mM™"'s7") K4 (mM) Met 2 max (nm) ooy (h™")
DosCH” 0.0028 0.000017 6.1¢ 5.0 0.075¢ 391 2.4
FixLy 0.027 0.0001 4.6 50 2 395 2.3
SW Mb 0.32 0.0004 1.3 0.16 22 409 0.06

“Heme proteins were selected to demonstrate a wide range of ferric ligand-binding parameters. “This work. “Calculated from ko and ko,. “Measured by
direct titration. Measurements on Sinorhizobium meliloti FixLy are from Gilles-Gonzalez et al. (57) and Winkler et al. (58). Measurements on SW Mb are from

Quillin et al. (59), Dou et al. (46), Mansy et al. (47), and Brantley et al. (60).
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Table 2: Ligand-Binding Parameters of Oxygen-Regulated Diguanylate Cyclases and Phosphodiesterases

0, Co NO
Kon (uM™" 71 Kofr (571 Ky (uMy Kon (uM ™57 Kofr (571 Ky (uM) Kon (uM™"s7h)
MBP-DosC* 1.8 36 21 0.13 0.13 0.98
DosCj* 32 18 9.7 0.13 0.080 0.64 7.9
Bpe GReg” 7.1 45 0.63* 1.0 0.57 0.057* 16
0.13 0.44*
DosP* 0.0092¢ 0.82 74 0.0029¢ 0.023 8.0
DosPy¢ 0.0026 0.034" 13 0.011 0.011” 10 0.0018
PDE-A1“ 6.6 77 12% 0.21 0.58 0.28*
DosP ¢ 0.0019 0.64 340* 0.00081 0.0025 3.1%
DosPy¢ 0.031 0.61 20% 0.0078 0.0045 0.58*

“This work. Measurements were at pH 7.5 and 25 °C. bWan et al. (21). Measurements were at pH 7.5and 25 °C. “Delgado-Nixon et al. (25). Measurements
were at pH 7.0 and 20 °C. “Chang et al. (19). Measurements were at pH 8.5 and 25 °C. “Taguchi et al. (51). PDE-Al is from G. xylinus (formerly A. xylinum).
Measurements were at pH 8.0 and 25 °C. /K values were measured by direct titration except where indicated by an asterisk, where they were calculated from

kogr and ko, $Calculated from kog and Ky. "Calculated from ko, and Kg.

constructs showed a similar CO affinity (Ky ~ 1 uM) (Table 2).
The kinetics for binding of ligands were also alike for the
constructs. Overall, DosC is better suited to respond to O, in
the microaerobic regime (10 s of micromolar O,) (Figure 3). In
this respect, DosC differs significantly from Bpe GReg, which is
set to respond to micromolar O»,.

Ligand Binding by DosP. We directly measured the ligand
affinity of DosP by titration with ligands. From this study, we
determined the equilibrium dissociation constant for O, binding
to be 74 uM and that for CO binding to be 8.0 uM (Table 2; also
see Figure 5). In addition, we discovered a cooperative binding of
ligands, with a Hill coefficient n of 1.5 for O, and 1.2 for CO
(Figure 5A,C). These data disagree with a Ky value of 340 uM
estimated from kinetics (57). Such a low affinity implies less than
50% saturation with O, in air and is inconsistent with our direct
titration (Figure 5A) (51).

DosP and its isolated heme-binding domain DosPy show a
similar hexacoordination of their unliganded heme iron
atom. This has been reported as a histidine—Fe—methionine
coordination (25, 48—50). However, DosPy differs from DosP
in some important respects. Binding of ligands to DosPy is
noncooperative (n of 1.0 for O, and CO); the affinity for O, (K of
13 uM) is 6-fold higher than that of DosP, and this increased
affinity is associated with a slower O, off-rate constant
(Table 2) (25).

Ligand—Dose Response of the DosP c-di-GMP Phos-
phodiesterase. Figure 4 shows representative HPLC traces for
the conversion of ¢-di-GMP (100 uM) to the linear pGpG by
deoxy-DosP versus oxy-DosP (1 uM enzyme). Saturation of
DosP with O, enhanced the phosphodiesterase activity 17-fold
over the deoxy state (50 min~' compared to 3 min '). We
estimate a Ky value of about 4 uM with respect to c-di-GMP
for the oxy state, from numeric fitting of the end of the reaction
time course when substrate concentration is low. Both the
oxy- and deoxy-DosP phosphodiesterase reactions went to
completion, although the latter required about 30 min
(Figure 4). We tested whether the activity of DosP might be
allosterically enhanced by GTP, as noted for another c-di-GMP
phosphodiesterase, but we saw no effect of GTP on the reaction
rate (52). Carbon monoxide saturation enhanced the activity to
the same extent as O, saturation. This indicates that ligand
polarization upon binding to heme does not contribute signifi-
cantly to the regulatory mechanism as it does in FixL, for which
O, is an inhibitor and CO a weak antagonist (53).
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FiGure 3: Binding of O, to E. coli DosC. (A) Determination of the
DosC affinity for O, at pH 7.5 and 25 °C. A Ky value of 21 uM was
determined by directly titrating MBP-DosC with 0—1280 uM O,
deconvoluting the deoxy and oxy fractions in the absorption spectra,
and fitting the data to a hyperbolic equation for single binding using
least-squares analysis. Details are under Materials and Methods. (B)
Representative kinetic traces showing the rates of O, association to
MBP-DosC at pH 7.5 and 25 °C. The main panel shows the
accelerating rates as the DosC binds 80, 160, 320, and 640 uM O,
asmonitored at 435 nm from the disappearance of the deoxy state; the
inset shows the same process monitored at 412 nm from the appear-
ance of the oxy state. Rates were measured by laser-flash photolysis,
as described under Materials and Methods. Similar results were
obtained with DosCy.

We found the response of DosP to ligand saturation to be
highly nonlinear and skewed toward high saturation (Figure 5).
There was hardly any effect of O, until the protein became 50%
saturated. In particular, over 80% of the 17-fold enhancement of
the activity by ligand occurred in the second half of the heme
titration (O, > 75 uM). In other words, a drop in the O,
saturation of only 20% from full saturation resulted in a loss of
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FIGURE 4: Oxygen switching of the c-di-GMP-specific phosphodiesterase in E. coli DosP. (A) Ferrous DosP (1 xM) without ligand (Fe" or deoxy,
open circles) or saturated with O, (Fe''O, or oxy, closed circles) was assayed for its ability to catalyze the conversion of c-di-GMP (100 M) to the
linear pGpG. Representative HPLC traces for stopped time points are shown. The ¢-di-GMP peak migrates at 7.8 min, and the pGpG peak
(indicated by an asterisk) migrates at 7.4 min. (B) An analysis of the complete phosphodiesterase data shows that ligation with O, enhances the
phosphodiesterase activity of DosP more than 16-fold (to 50 min~!) over the activity of the unliganded protein (3 min~'). For both the liganded
and the unliganded protein, the reaction velocity is maintained, even in little remaining substrate, until the reaction reaches completion. Similar
results were obtained from TLC and autoradiographic analyses of reactions supplied with [a->*P]-c-di-GMP.

over half of the O, activation. DosP has been reported to be
homotetrameric and, as such, can have zero, one, two, three, or
four bound O, per DosP tetramer, with each species having a
potentially different phosphodiesterase activity (54). The con-
centration of each species at any O, saturation is straightforward
to determine from the known O, titration curve. Unfortunately,
while it is very clear that multiple oxygenations are required for
activation, no assignment of activities to each known concentra-
tion of liganded species accurately accounts for the observed dose
response (Figure 5). The dimeric protein kinase FixL achieves a
highly nonlinear response to O, concentrations via a lag time
between O, dissociation and the completion of the activation
process (53). Analogous “memory effects” in DosP could poten-
tially result in ten different states, which might completely explain
the DosP dose response but would be daunting to model. The
dose response for CO was similar in shape to the O, response
curve and can be fairly well approximated by assigning all
activation to the tetraliganded species (Figure 5B,D). The DosP
dose response, along with other physical limitations, fix the DosP
activation in E. coli to a relatively narrow range of O, concentra-
tions: 75—256 uM O; (i.e., 30—100% saturation with air). On the
other hand, the range of CO (> 10 uM) required for activating
DosP well exceeds the concentrations that an E. coli cell would
naturally encounter.

Association of DosC with DosP. Despite the considerable
experience we gained on diguanylate cyclases during our

successful studies of Bpe GReg, our efforts in two laboratories
to examine the independent cyclase activity of DosC were
unsuccessful (27). We wondered whether the translational
coupling of the dosC and dosP genes, which implied a
coordinated production of the two sensors, might also indicate
their physical association. To test this idea, we moderately
overexpressed the dosCP operon in E. coli. Two different
purification schemes resulted in copurification of the proteins.
The first purification was a two-step procedure involving
hydrophobic interaction and size-exclusion chromatographies
(phenyl-Sepharose and then S200 gel filtration) on a lysate of
E. coli expressing an intact dosCP operon. The recovered
sample contained two prominent protein bands, as analyzed
by SDS—PAGE, and these were of the expected molecular
masses for DosC (53 kDa) and DosP (91 kDa) (Figure 6A).
Mass spectrometric (Maldi-MS) analysis of the sample
showed two major molecular mass peaks at 53.5 and
90.5 kDa. Importantly, the purified protein sample contained
both diguanylate cyclase and c-di-GMP-specific phosphodi-
esterase activities (Figure 6B,C). Another purification
scheme involved the affinity chromatography of a lysate of
E. coli expressing the operon as a malE-dosC fusion together
with dosP. This resulted in comigration of the proteins
(data not shown). We therefore concluded that the expression
of the dosCP operon yields a complex of MBP-DosC and
DosP.
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FIGURE 5: O, and CO dose responses of the E. coli DosP ¢-di-GMP phosphodiesterase. (A) Comparison of the effects of increasing O,
concentrations (0—512 uM) on the fractional saturation of the DosP heme (open circles) and on the fractional activation of the DosP
phosphodiesterase (closed circles). (B) Data from part A, recast as the fractional activations resulting from fractionally saturating the DosP heme
with O,. Dotted line: fit of the data to a model incorporating positive cooperativity within a tetramer. (C) Comparison of the effects of increasing
CO concentrations (0—120 uM) on the fractional saturation of the DosP heme (open circles) and on the fractional activation of the DosP
phosphodiesterase (closed circles). (D) Data from part C, recast as the fractional activations resulting from fractionally saturating the DosP heme
with CO. Dotted line: fit of the data to a model incorporating positive cooperativity within a tetramer.
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DISCUSSION synthesize and degrade c-di-GMP, respectively, are often found
associated with signaling domains (3, 6, 16—18). We have also
shown that O, regulates the PDE-Al protein involved in
G. xylinus cellulose production and likewise regulates the Bpe

Cyclic di-GMP homeostasis is clearly important to bacteria for
a variety of reasons, perhaps the most critical one being that this

molecule typically regulates broad changes in lifestyle. Some of GReg protein involved in B. pertussis biofilm production (19, 21).
these changes include transitions from a motile to a sessile state Apart from representing the first demonstrations of signal
that might involve interactions with a eukaryotic host. We and regulation of enzymes for c-di-GMP metabolism, these results

others have noted that the GGDEF and EAL domains which underline the fact that O, plays an extremely important role in
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c-di-GMP homeostasis. This notion is given yet more weight by
the work described in the current paper, i.e., the demonstration
that E. coli possesses a two-gene operon, dosCP, that produces a
complex dedicated to the coordination of c-di-GMP production
and breakdown by O,.

The dosCP operon is under the control of the general stress
response and stationary phase sigma factor 0 (RpoS), and as
such the expression of this operon is induced by the entry of
E. coli into stationary phase (29). This implies that DosC and
DosP serve to integrate information about O, availability. For
example, DosC and DosP might signal a rise of O, within the cells
due to their slowing metabolism upon entry into stationary
phase; conversely, these sensors might signal a drop in O, from
a nearly atmospheric level upon renewed metabolic activity. The
response of DosP, which increases most sharply above 75 uM O,
(roughly 30% of ambient air O, concentration) suggests that
¢-di-GMP hydrolysis will accelerate if the cellular concentration
of O, signals an increasing equilibration of the bacterial cyto-
plasm with ambient air. Stewart and colleagues have beautifully
demonstrated the existence of steep O, gradients across the
thickness of biofilms grown in vitro (55, 56). Such gradients likely
control bacterial metabolism in different layers of the biofilm (56).
Possibly DosC and DosP closely collaborate to provide posi-
tional information to nondividing bacteria in a biofilm.

Under what circumstances would the allosteric modulation of
a regulatory target be preferable to a modulation of the target’s
cellular concentration via changes in transcription or translation?
We propose that this depends primarily on the longevity of the
target. For example, some proteins are rapidly turned over and
associated with effective and dynamic rates of transcription or
translation. By contrast, consider the membrane-associated
cellulose synthase complex of G. xylinus, with c-di-GMP regu-
lated activity. It is costly for a cell to assemble this complex.
Cessation of its synthesis would only affect cellulose production
after the existing complex very slowly degraded. Clearly, regula-
tion of the cellulose synthase activity rather than its concentra-
tion is the best approach here.

In principle, the allosteric modulation of an existing enzyme
should be a more rapid method of regulation than the de novo
synthesis of this protein activity (25). In practice, however,
de novo synthesis is sufficiently rapid for all but the most urgent
environmental responses. Certainly the time scale for biofilm
formation is slow compared to protein synthesis rates. A fast
response is not always desirable. Indeed, we would argue that the
dynamics of any hypoxic response should be neither too slow nor
too fast. If too slow, adaptation may not happen in time to
prevent damage; if too fast, drastic responses might be made to
transient changes in O, tension that could have been safely
ignored. There is no need to raise one’s red blood cell count in
response to being dunked; anyone can hold their breath for a
minute.

What is the advantage of regulating both the generation and
destruction of a second messenger in response to one environ-
mental signal? In E. coli, O, regulation of c-di-GMP levels is
accomplished by opposing synthesis and degradation activities
that are both O,-controlled. On the other hand, in B. pertussis, O,
regulation of ¢-di-GMP levels is achieved by an O,-modulated
synthesis opposing an O»-independent degradation (2/). Clearly,
either approach offers the same degree of control over the final
equilibrium level of the c-di-GMP, but they differ dramatically
in their control of the dynamics of the response. Consider
the analogy of the simple laboratory water bath. In these
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instruments, a heater switches on whenever the temperature
drops below the thermometer set point, but there is no cooling
mechanism. With a sufficiently powerful heater, for example, one
can reduce the time necessary to warm up from 30 to 37 °C to the
point where it becomes instantaneous; however, one cannot
control the time it takes the bath to cool down from 37 to
30 °C. If we add to this heater a constant cooling mechanism, we
can accelerate the cooling process but at the expense of adding a
large constant workload to the heater. By contrast, consider a
PCR thermal cycler. The thermoelectric elements in these in-
genious devices can either heat or cool, simply by reversing
polarity, and they can also be completely switched off. These
devices not only reach or hold any set temperature but also
approach it with any desired “ramp”. The application of this
analogy to enzymes that make and degrade a molecule in
response to a single environmental cue is evident.
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