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ABSTRACT. The phosphodiesterase Al proteinAdetobacter xylinum, ABDEAL, is a key regulator of
bacterial cellulose synthesis. This phosphodiesterase linearizes cyclie4i9(Bguanylic acid, an allosteric
activator of the bacterial cellulose synthase, to the ineffectual pGpG. Here we shé@wRRdEAL contains
heme and is regulated by reversible binding oft®@the heme. ApdAXPDEA1L has less than 2% of the
phosphodiesterase activity of hoftoPDEAL, and reconstitution with hemin restores full activity, O
regulation is due to deoxyheme being a better activator than oxyh®R&EAL is homologous to the
Escherichia colidirect oxygen sensor proteiikcDos, over its entire length and is homologous to the
FixL histidine kinases over only a heme-binding PAS domain. The properties of the heme-binding domain
of AXPDEAL are significantly different from those of othep-@sponsive heme-based sensors. The rate
of AXPDEAL autoxidation (half-life> 12 h) is the slowest observed so far for this type of heme protein
fold. The G affinity of AXPDEAL K4 ~ 10 «uM) is comparable to that dEcDos, but the rate constants
for O, associationk,, = 6.6 uM~1 s71) and dissociationkis = 77 s71) are 2000 times higher. Our results
illustrate the versality of signal transduction mechanisms for the heme-PAS class@f$ars and provide
the first example of @regulation of a second messenger.

A single Acetobacter xylinuncell can polymerize to  crystallineA. xylinumcellulose has found numerous industrial
cellulose up to 200 000 glucose molecules per secéhd ( applications, including use in speaker diaphragms, food
Activation of the native cellulose synthase of this bacterium thickeners, paper additives, clothing, wound-care products,
requires the dinucleotide c-di-GMRs an allosteric effector  and, more recently, artificial arterie3<6). For the bacteria,

(2, 3). The cellular level of c-di-GMP depends on a balance the thick cellulosic mats they generate are thought to provide
between the activity of a diguanylate cyclase and the a specialized protective environment.

opposing action of the phosphodiesteras®DEAL (re-  Ajthough the phosphodiesterase activity’ o DEAL has
viewed in ref3). The diguanylate cyclase synthesizes c-di- peen extensively characterized, the possible heme protein
GMP from 2 molecular equiv of GTP, whereas thé>DEAL nature of APDEAL was not appreciated until the corre-
highly homologous over its entire length to tBeDos protein
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frequently correlated with signal transductioh3). PAS

Biochemistry, Vol. 40, No. 12, 2003421
MATERIALS AND METHODS

domains typically share less than 15% sequence identity, and

they are often coupled to enzymatic or DNA-binding do-
mains. Oxygen, light, voltage, redox potential, and aromatic

hydrocarbons are among the signals that PAS domains detec

Genetic Manipulations.Oligonucleotide primers were
designed for amplifying the full-lengtiA. xylinum pdeAl
and the heme-binding-domain-encodipdeA1Hfragment

Crystal structures are known for the widely divergent PAS (codons 1-141), based on the gene sequerjeThe source

domains of the FixL @ sensor, the human ether-a-go-go-
related gene-encoded (HERG) voltage sensor, and t
photoactive yellow protein (PYP) light sens@#d{-17). Their
strikingly similar architectures imply that all PAS domains
share a commonS-fold. Subgroups with similar sensing
functions exist that share specialized structural features an
>30% sequence identity8). For example, there is redox-
sensing subgroup that binds flavin and a light-sensing
subgroup that bindg-hydroxycinnamatel(7—21). We have
established a heme-binding subgroup of PAS domains,
represented in three evolutionarily distant eubacterial gener
and oneArchaeon(8).

The heme-binding PAS proteins are all “heme-based
sensors”. This term was coined in 1994 by Gilles-Gonzalez
and colleagues to describe a functional class of heme protein

in which heme is used for chemosensing rather than electron

or oxygen transferl(0). The heme-based sensors have proved

to be a very diverse group of heme proteins that bind heme

in at least three different structural folds and employ a variety
of enzymes for signal transduction. They respond to a variety
of heme ligands and regulate diverse activities. Some
previously described heme-based sensors are the solubl
guanylyl cyclase (sGC), FixL, CooA, and HemAT proteins
(9, 22—24). Binding of NO to sGC activates production of
cGMP; in mammals the best understood response is vasodi
lation (25). Binding of O, to FixL inhibits an autophospho-
rylation reaction that normally leads to phosphorylation of
the transcription factor Fix2( 11). Phospho-FixJ induces
expression of the nitrogen fixation genesRmizobia(26,

27). Association of CO to CooA enables this protein to bind
DNA (23). The DNA-bound CooA induces transcription of
the operons for oxidation of CO to G®y the photosynthetic
bacteriumRhodospirullum rubrun(28). Binding of G, to
HemAT regulates chemotactic activit34). HemAT is likely

to be a methyl-accepting chemotaxis protein that controls
the direction of Halobacterium salinarumand Bacillus
subtilis movement in an @gradient. The latest activity to
be found coupled to heme is the c-di-GMP phosphodiesteras
of A. xylinumPDEA1, presented here.

Along with the great functional diversity of heme-based
sensors, the heme-binding domains show a much greate
structural diversity than the heme proteins that function to
transfer @, atomic oxygen, or electrons. Of the known heme-
based sensors, only HemAT is likely to have a myoglobin
fold (24). CooA binds heme in a structure similar to the
cAMP-binding region of the catabolite gene activator protein
(CAP) (29). The sequence of guanylyl cyclase suggests that
its structure will be unlike other known heme proteins. So
far, the most common structural motif for binding of heme
by heme-based sensors is the PAS fdld, (L5).

Here we show thaAXPDEA1 is a heme-based sensor
belonging to the PAS superfamily. We report the ligand-
binding parameters oAXPDEAL and present for the first
time the regulation of the level of an allosteric effector by
an Q-sensing protein.

a

of template for the PCR amplifications was plasmid pUC57

he(R. Mayer and M. Benziman, unpublished results). The PCR

primers introduced &ldd site overlapping a start codon at
the 8 end of each amplified fragment andHindlll site
overlapping a stop codon at thé énd. TheNdd —Hindlll

dtreated PCR products were ligated into an expression vector,

with the pdeAl gene sequences optimally oriented for
expression from aac promoter. The resulting plasmids,
pAX31 and pAX61, containAxpdeAland AxpdeAlH
respectively. Both plasmids confer ampicillin resistance. All
clones for subsequent experiments were verified to be
without polymerization error30).

Gene Expression and Protein PurificatioRrotein ma-
nipulations were ak4 °C, and extended storage of cells or
roteins was at—70 °C. Column matrices were from
harmaciaAxpdeAlHexpression was induced by adding
500uM isopropyl3-p-thiogalactopyranoside to exponentially

growing TG1(pAX61). Afte 3 h ofinduction at 37°C, the
cultures were cooled on ice, and the cells were harvested.
Lysis of the cells was by sonication in 25 mM Tris-HCI, pH
8.5, 125 mM NaCl, 1 mM EDTA, and 1 mM phenyl-
methanesulfonyl fluorideAXPDEA1H was precipitated from
the cleared lysate with 1-62.8 M ammonium sulfate, pH
7.5, and 1 mM EDTA. Further purification was by gel
filtration (Superdex 75 equilibrated with 25 mM Tris-HCI,
PH 8.0, and 50 mM NaCl) and stepwise elution from an
anion-exchange matrix (DEAE-Sephacel and-225 mM
NacCl in 25 mM Tris-HCI, pH 8.0). Expression éfxpdeAl
was done similarly, except that induction of the TG1(pAX31)
cells required 5 h. Following sonication of the cells,
AXPDEAL1 was recovered from the cleared lysate as an
insoluble pellet. Solubilization and purification of the
AXPDEA1 were as described)( The purified protein, made
up mostly of apcAXPDEAL, was titrated with hemir3().
Protein concentrations were determined by the Bradford
assay, with bovine serum albumin as the standagj (

Absorption Spectra.Unless otherwise noted, all the
absorption spectra were measured for purified protein in 25

Gmm Tris-HCI, pH 8.5 at 25C, in a stoppered quartz cuvette.

Deoxy derivatives were prepared by adding dithiothreitol (10
mM) to an anaerobic solution of protein inside of a glovebox.
IThe dithiothreitol was removed whita 5 mLSephadex G25
desalting column pre-equilibrated with deoxygenated 25 mM
Tris-HCI, pH 8.5, and the spectra of the deoxyheme proteins
were recorded. Oxy»PDEAL was prepared by equilibrating
the deoxyheme protein with 1 atm of,@t 4 °C. Carbon-
monoxyAXPDEAL was prepared by equilibrating the deoxy-
heme protein with 1 atm of CO at*€. For calculations of
the extinction coefficients, the determinations of heme
content were based on the amount of pyridine hemochro-
mogen, taking hemineggo = 50 mM~* cm™t in 2% sodium
borate, pH 9.23) as the standaB8)

Ligand Binding All rates were followed for 25 uM
protein, with a stopped-flow spectrometer (Applied Photo-
physics Ltd., Leatherhead, U.K.) at a wavelength of maxi-
mum difference between the starting and final species at 25
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°C. Each apparent rate was measured at least three times. A
Each rate constant was calculated from a linear pld,gf

vs ligand concentration including at least five ligand Ax PDEA!
concentrations. All the linear plots for determination of the
rate constants hadsquared values of 0.99 or greater. Protein
and gas solutions for the ligand-binding reactions were in
25 mM Tris-HCI, pH 85 at 25°C. To measure the

Ec Dos

Ae YatC

association rates, deoXdPDEA1 was mixed with 36150 Ve wom

uM O, or 30—-480uM CO. Ligand association was followed

by the change in absorbance at 438 nm fero®424 nm Rur Fixk

for CO. Dissociation of @was followed by the change in n

absorbance at 578 nm after mixing oAYPDEA1 with 5 L »

mM ferricyanide, which oxidizes deoxfxPDEA1 es- B

sentially instantaneously. Dissociation of CO was followed e ye |

by the change in absorbance at 424 nm after mixing i

carbonmoxyAxPDEA1 with a saturated solution of NO. ey
Phosphodiesterase AssayBhese assays were adapted iy

from methods previously described, (7). Anaerobic reac- i Des

tions were in a glovebox with an Natmosphere; oxic £ ove

reactions were in air. Prior to the reactions, fod®DEAL e

was verified to be homogeneously oxy or deoxy based on o« e

the absorption spectra. The reaction mixtures contained 0.5 Bm Fis. 1 ofdvie o

uM AXPDEAL in 100uL of 50 mM Tris-HCI, pH 8.5, 0.50 e S A

mM MnCl,, 10 mM dithiothreitol, and 1M [32P]-c-di- e

GMP (2.4 Ci/mmol) at 23C. All reactions were begun with 5 Fisl

the radiolabeled nucleotide. At 15 s time intervals, aliquots i roEnt

were withdrawn and mixed with one-third volume of 4 mM EI:F:L

EDTA. The products of the reactions 8000 cpm from each ey

reaction) were spotted onto Baker-Flex polyethyleneimine
cellulose plates (J. T. Baker, Phillipsburg, NJ) that had been Ficure 1. Modular organization of @sensing phosphodiesterases
prerun in water and air-dried. For plates developed in 1.5 M and kinases. Part A shows a schematic organization of the enzymes.

g . . The heme-PAS domains (H-PAS) Bf japonicumFixL, EcDos,
KH>PQ,, pH 3.65, c-di-GMP migrates with aR; of 0.54 and AXPDEAL are>30% identical in sequence; unrelated PAS

and linear pGpG with aR of 0.69. After development, the  gomains (PAS) are<15% identical when compared to each other
plates were air-dried, and the radioactivity in spots containing or to heme-PAS domains; the phosphodiesterases are 40% identi-
the relevant nucleotides was quantitated with a phosphoim-cal over the enzymatic regions shown, as are the histidine kinases.
ager (Molecular Dynamics). Reaction mixtures lacking Part B shows the heme-PAS sequence alignmentsEtos;

. . . AXPDEAL; FixLs fromA. caulinodans Rhizobium melilotiand
AXPDEAL and spots having known quantities of radiolabel qy,;;opiim leguminosarun. caulinodas YntC; andMethano-

provided the controls for the quantitations. bacterium thermoautotrophicumos. A secondary structure align-
ment for the Ectothiorhodospira halophilaphotoactive yellow
RESULTS protein EhPYP) and the heme-PAS d. japonicumFixL is

provided at the top of part B.

Domain OrganizationFigure 1 highlights the modular indispensable for response to a great variety of environmental
nature of AXPDEAL. Regions highly homologous-40% signals.
identical) to the C-terminal phosphodiesterase domain occur  Absorption SpectreExcept for the deoxy form, the optical
in more than 100 different bacterial proteins. Organisms spectra of AXPDEAL derivatives closely match those of
having this type of phosphodiesterase, e.g., the pathogerEcDos (Figure 2) 8). DeoxyAxPDEAL has a strong Soret
Vibrio choleraeand the nitrogen-fixing bacteriuszorhizo- absorption band at 432 nm (112 mibcm?1) and a broader
bium caulinodansdiffer greatly in their niches and lifestyles.  but less intense band between 550 and 573 raB8(mM
The phosphodiesterase can occur independently or with othercm™2). This is typical of heme proteins, such as FixL or
identifiable domains. The N-terminal region 8KPDEA1 sperm whale myoglobin, that have predominantly high-spin
contains a heme-PAS domain, a more closely related and pentacoordinate heme iron in their deoxy st8telQ,
subgroup {30% identity) within the PAS superfamily  34). In contrast, ferrou€cDos without exogenous ligand
(Figure 1B). So far, a heme-PAS has been found in has well-resolvedr and absorption bands (563 and 532
association with three PDEA and six histidine kinase nm, respectively) that are characteristic of “deoxy” heme
domains. In addition to the bacterial heme-PAS proteins that proteins having low-spin hexacoordinate heme ir@h (
have been reported, there is at least one proven archaeaNevertheless, for liganded statAsPDEA1 compares best
heme-PAS and several probable eukaryal heme-PAS proteinwith EcDos. The oxy- and carbonmonoXyDEAL absorp-
(A. L. Chang and M.-A. Gilles-Gonzalez, unpublished tion bands occur within 2 nm of the corresponding peaks in
results). The best understood heme-PAS proteins are the FixXLEcDos and have similar extinctions. Compare®tadyrhizo-
O, sensors oRhizobia FixL contains a C-terminal histidine  bium japonicuntixL, the a-bands of oxy- and carbonmon-
kinase activity instead of a phosphodiesterase. All three typesoxy-AXPDEAL are red shifted by 17 and 10 nm, respectively
of domains, the histidine kinase, PAS, and PDEA, are (10).
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FiGURe 2: Absorption spectra oAXPDEAL. Spectra are shown 120 B
for the deoxy (broken line), oxy (thick line), and carbonmonoxy =
(thin line) derivatives of théAxPDEA1 heme-binding domain. 5100
B
>
Table 1: Q and CO Binding by Selected Heme Protéins = 801
g
0, co S 60
Kon Kot Kqd Kon Kot Kad 2
protein  (uM™ts?) (sY) (@M) @M isl) (s (uM) =44 7 o_ I o
AXPDEALH 6.6 77 12 021  0.058 0.28 =
EcDosH 0.0026 0.034 13 0.0011 0.011 10 E 20
BjFixLHY 0.14 20 140 0.0050 0.045 9.0 =
SW Mk# 14 12 0.86 0.51 0.019 0.037 0 T
0.00 0.25 0.50 0.75 1.00 1.25

@ Heme-binding domains @&&. xylinumPDEAL,E. coli Dos, andB.
japonicumFixL are compared to sperm whale myoglobin (SW Mb). Time (min)
bpH 8.5 and 25C; K4 values were calculated frokg, andkos. ¢ From
Delgado-Nixon et al. §). ¢ From Gilles-Gonzalez et al1(Q). ¢ From
Quillin et al. (2).

Ficure 3: Influence of heme and n the c-di-GMP phosphodi-
esterase activity oAXPDEAL. Part A shows the initial rates of
anaerobic reactions for apgdPDEAL (closed circles) and deoxy-
AXPDEAL (squares). Part B shows the initial rates for the reactions
O, and CO Binding.The data in Table 1 highlight the  of oxy-AXPDEAL (open circles) or deoxfPDEAL (squares). The
broad range in the ligand-binding parameters observed for€action mixtures contained 0;fM AXPDEAL1 in 100uL of 50

e M Tris-HCI, pH 8.5, 0.50 mM MnGl 10 mM dithiothreitol, and
the heme-PAS fold. The association rate constants span a[lnz uM [32P]-C-F()1i-GMP at 23°C. anclh experiment was repeated

least 3 orders of magnitude for binding of @d 2 orders  three times. For each measurement, the deviations from the average

of magnitude for binding of CO. AlthougAxPDEAL and were 15% or less.

EcDos both bound @noncooperatively and with essentially ) o )

the same affinity, forAXPDEAL the association and dis- matic activity to at_)out one-third the value measured for

sociation rate constants were 2000-fold higher. Binding of d€OXyAXPDEAL (Figure 3B). ,

CO toAXPDEA1 was also different from binding to FixL or AXPDEAL was remarkably stable against electron transfer

EcDos. Though the differences were not as dramatic as for ©© O @ measured by its autoxidation in air. O%PDEAL

binding of O,, the association and dissociation rate constants Was only 30% oxidized to the ferric form aft8 h in air-

for binding of CO were still higher foAXPDEAL than for ~ Saturated Tris, pH 8, buffer at 2&. Even after 24 h, much

EcDos. In contrast t&EcDos, which bound @ CO, and NO of the protein was still ferrou_s. Aggr_egatlon of some of the

within a narrow range of association«3 nM-* s%) and AXPDEAL during extended incubation at 26 prevented

dissociation rate constants (0-00.03 s%), A"DEA1 bound an aceurate measurement of ﬂae but the half-life for the

0, 30 times faster than CO. Nevertheless, because of a 13000Xidation reaction was 12 h. This represents the slowest

fold lower off-rate constant of COAXPDEA1 had much rate of autoxidation so far measured for a heme-PAS.

greate'r affinity for (?O than fo_r @ This is analogous to the DISCUSSION

behavior of myglobins, for which the much slower dissocia-

tion of CO is largely responsible for tighter binding of CO A Heme-PAS for Phosphodiesterase Contildie latest

compared to @ activity to be found coupled to heme is the c-di-GMP
Influences of Heme and,OE. coli cells overproducing  phosphodiesterase #&xPDEAL (Figures +3). Two other

the isolated heme-binding domain &%PDEA1 were notice-  proteins with a closely related enzymatic domaind0%

ably red, and the purified protein contained a 1:1 ratio of identical and 60% homologous), tBeDos protein of. coli

iron protoporphyrin 1X to protein. Preparations of the full- and the YntC protein oA. caulinodansalso contain a heme-

length AXPDEA1 had less heme but could be fully recon- binding PAS domain§, unpublished results). Surprisingly,

stituted with 1 molar equiv of hemin to apoprotein. Once the heme-PAS domains that control a phosphodiesterase are

reconstituted, the holoprotein showed no tendency to losenot significantly more homologous to each other than to the

heme and had an activity~B6 nmol of pGpG min (mg heme-PAS domains that control histidine kinases (Figure 1B)

of protein) ] more than 50-fold that of apoprotein (Figure nor are they similar in their ligand-binding parameters (Table

3A). Binding of O, to the ferrous heme reduced the enzy- 1). Coupling of a heme-PAS to a phosphodiesterase may be
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a more widespread method for ®ensing than coupling to

a histidine kinase. The latter scheme is so far observed in
targeted control of nitrogen fixation gene expression by the

FixL proteins ofRhizobia In contrast, the three organisms
employing a phosphodiesterase fargensing have radically
different habitatsA. xylinumis notorious as a contaminant
of wine and beer, but its natural habitat is a biofilm of
cellulose fibrils that it constructs on the surfaces of fruits.
In this organismAXPDEAL clearly regulates the synthesis
of cellulose B). A. caulinodandgs a soil bacterium that can
form nitrogen-fixing nodules on the tropical leguminous
shrubSesbania rostraté35). A. caulinodandas at least one
other Q sensor, a FixL36). The role of itsAcYntC protein,
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an Q-sensing phosphodiesterase, is not certain. As discussed

below,AcYntC may also control cellulose productida. coli

is primarily an enteric bacterium. This organism has at least

two O, sensors§, 37). The physiological function dtcDos
is not yet known, but this is certain to be a new role for
heme-PAS, sincé&. coli is neither a nitrogen fixer nor a

cellulose producer. Second-messenger control would provide

for rapid allosteric regulation of pre-existing proteins as well
as global regulation of cellular processes by O

A Microaerobic Sensor with Myoglobin-like Kinetics.
Although the kinetics of ligand binding have been reported
for only four heme-PAS proteins, it is already apparent that

they are at least as diverse in their properties as hemoglobins

(Table 1). Previously studied @ensors have had extremely

o N
LI T
A > <NIN>NN2
OH .

i) ?
o
UDP-Glucose = cellulose synthase seggs %

FIGURE 4: Schematic diagram of rontrol of cellulose synthesis

slow association rates compared to myoglobins. In contrast,in A. xylinum c-di-GMP is necessary for allosteric activation of

AXPDEAL is much more similar in its ligand-binding
properties to sperm whale myoblogin than to its fellow O

the cellulose synthase. The most active formA@PDEAL is the
holoprotein with deoxyheme.

sensors. For example, the association rate constant forsperm whale myoglobins with amino acid substitutions, there

binding of G to AXPDEAL1 is about half that of sperm whale
myoglobin but 2000-fold higher than that BtDos and 50
times higher than that @&. japonicuntixL. The dissociation
rate constant for binding of £to AXPDEA1 is 2000-fold
lower than that oEcDos but only 3-fold lower than that of
B. japonicuntFixL and 6-fold lower than that of sperm whale

is a rough correlation between the autoxidation rate constants
(kox) @and theKy for binding of G (39). It is tempting to
presume that autoxidation is generally correlated Witlfior

all O,-binding heme proteingtQ). Two examples show that

Kg andk.x are not inextricably linked. The hemoglobin from
the cyanobacteriumlostoc communleas a high affinity for

myoglobin. There are no unique residue substitutions in the O, (K4 ~ 0.2uM), yet it autoxidizes rapidly (half-life in air

sequence oAXPDEAL to explain why its @binding kinetics
are so much faster than those of homologoussénsors.

~ 3.5 h) @1). At the other extreme, the present work shows
that ferrousAXPDEA1 has a relatively low affinity for ©

Variations in the mechanisms coupling the hemes to the (K4 ~ 10uM) but is nonetheless stable to autoxidation (half-

phosphodiesterases may contribute to these kinetic differ-

ences. In particulaEcDos, although coupled to an enzymatic
domain very similar to the one IAXPDEAL, probably

life in air > 12 h).
O, Signal Transductiorvia a Second Messengehs in
the soluble guanylyl cyclaséxPDEA1 signal transduction

achieves a heme-driven conformational change in a veryis by way of a second messenger. There are two significant
different way from that oAXPDEAL. In deoxyEcDos, both differences: (i) the second messenger is a cyfiticicleotide

axial positions of the heme iron are coordinated to protein instead of a mononucleotide and (ii) the regulated enzyme,
side chains, resulting in a distinctive hemochromogen AXPDEAL, generates the inactive linear form of the mes-

absorption spectrum for the deoxy fori).( O, displaces

senger rather than its cyclic form (Figure 4). The results in

one of those side chains but causes no net change inFigure 3 clearly show that idxPDEA1 the active site of
coordination number of the heme iron. Consequently, protein the phosphodiesterase is tightly coupled to the heme-PAS.

conformational change iBcDos is directly and inextricably
linked to G binding but is insensitive to coordination
number. In contrast, the heme iron in dedd@DEA1 has

a free axial position for binding of OTherefore, as in FixL,
the regulatory changes AxPDEAL may be driven by subtle
distortions of the heme arising from changes in coordination
number (4, 38).

A High-Stability Microaerobic SensoA major consid-
eration when engineering xbinding heme proteins is to
achieve the highest possible stability toward autoxidation
while keeping the @ affinity within a desired range. For

Apo-AxPDEAL had less than 2% of the phosphodiesterase
activity of holo-AXPDEAL. It is probable that even this trace
activity was due to a minor contamination of the apoprotein
with holoprotein. Reconstitution of ap@xPDEAL resulted

in a fully active protein with stably-bound heme. These
results further imply that inAXPDEA1 the heme-PAS
activates the phosphodiesterase, andrégulation comes
about because deoxyheme is a more effective activator than
oxyheme. There is some evidence to suggest that apo-FixL
works in the opposite way. An apo-FixL produced by
substitution of the heme-coordinating residue had some
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enzymatic activity, suggesting that in FixL the heme-PAS by 10 000-fold their ability to infect fish47). ThepleD gene
inhibits the kinase and oxyheme is a more effective inhibitor of Caulobacter crescentus necessary for the characteristic
than deoxyhemed@). differentiation of these bacteria from “swarmer” to “stalked”
Physiological Importance of &or A. xylinum Our results cells @8). When expressed i&. coli, the ydaK gene ofB.
indicate thatAXPDEAL is least enzymatically active when subtiliscan functionally substitute fdrp (leucine responsive
aerobic and most active when anaerobic. Consequently, c-di-protein) in shutting down the biosynthesis of isoleucine,
GMP and cellulose levels would be expected to rise in air leucine, and valine49). E. coli Lrp is important for the
and drop during @depletion. This is consistent with the transition to the stationary phase. Althoughcoli does not
observation that, in static cultures Af xylinum, cellulose produce cellulose, the closest relative AfPDEAL is the
is produced by the uppermost, better aerated cells. CellsEcDos protein, which is also poised to detect microaerobic
anchored to this cellulosic pellicle would stay near the surface levels of Q (Kq ~ 10 uM) (8). The widespread distribution
where they have access to nutrients as well as sufficignt O of regions homologous to the&xPDEA1 phosphodiesterase
for respiration. Bacteria of the genAsetobacteare obligate in bacteria argues for a much wider role for cyclic dinucle-
aerobes. FoA. xylinum production of cellulose is costly, otides than is commonly believed. Amikam and colleagues
in terms of both carbon sources and energy. Shutdown ofhave shown that c-di-GMP enters mammalian lymphoblas-
cellulose production when Qand therefore energy, is low toid cells quite easily and binds to the growth-promoting
may simply be a way of conserving resources. p21@s protein, causing profound changes in the cell cycle
It should be noted thaaxPDEAL is not the sole regulator (50, 51). Apart from suggesting that c-di-GMP or a structur-
of c-di-GMP levels inA. xylinum Like AXPDEAL, the ally similar molecule may play a role in mammalian cell
diguanylate cyclase, DGC1, that synthesizes c-di-GMP from replication, these results highlight the fact that much remains
GTP also contains an N-terminal PAS domain. The PAS to be learned about the physiological roles of cyclic dinucle-
domain in DGCL1 is about 25% identical to a domain in the otides. The dearth of evidence for cyclic dinucleotides as
NPHL1 protein ofArabidopsis thalianand 36-35% identical second messengers, compared to cyclic mononucleotides,
to domains in the NifL protein oKlebsiella pneumoniae  may simply reflect the much greater availability of cyclic
and the Aer protein oE. coli. The NPH1, NifL, and Aer mononucleotides to experimenters.

proteins have been implicated in regulation of phototropism,
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