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SUMMARY

C-di-GMP is a ubiquitous bacterial second messenger that regulates
twitching motility, virulence secretion, cell surface adhesion dnafilm
formation. The intracellular concentrat®of c-di-GMP arecontrolled by the
GGDEF domain proteins with diguanylate cyclase (DGC) activity, and the EAL
domain or HBGYP proteins with @i-GMP specific phosphodiesterase (PDE)
activity. The aim of his study is to investigate the functions of three
representative GGDEEAL didomaircontaining signalingproteins, with the
major focion their catalytic and regulatory mechanisms.

The first protein under investigation is PA2567, a protein from the
oppotunistic pathogerPseudomonas aeruginosiaat contains a GAF domain
and the GGDEfEAL didomain Enzymatic assays revealed that PA2567
contains a catalytically competent EAL domain but an inactive GGDEF domain.
Site-directed mutagenesis in combination wkimetic studies suggested the
critical roles of several conserved residues and a functional loop in the putative
substratebinding pocket. The results are supportive adbnemetation or
two-metation catalytic mechanism and the existence of a large numbe
inactive EAL domains

The second protein BXDGC2 fromAcetobacter xylinumwhich contains
a PefArnt-Sim (PAS) domain and th&GDEFREAL didomain AXDGC2

exhibits DGC activiy but not PDE activity. We founthatthe PAS domain of

Xiii



AXDGC2 binds flavinadenosine dinucleotide (FAD) as cofactor, and that the
DGC activity is modulated by the redox status of the FAD cofactor, with the
oxidized form exhibiting higher catalytic activity and apparent substrate
inhibition. The results indicate thAkDGC?2 is asignaling protein that regulates
cellular c¢di-GMP level in response to the change of cellular redox status or
oxygen concentrationMutagenesis studieslemonstrated that despite the
perturbation of redox potential and the unexpected modification of FAIDen
of the mutants, none of the single mutations introduced in the PAS domain to
disrupt FAD binding and signal transduction was able to completely block the
signal transmission to the GGDEF domain. We propose that the change of FAD
redox state can stilirigger structural changes in the PAS domain by using
substituted hydrogehonded water networks. Together with the
oxygendependent activity of the homologodsPDEAL, the study provided
fresh insight into the relationships between oxygen leveli-GMP
concentration and cellulose synthesig\oetobacter xylinum

Lastly, FimX is a GGDEFREAL didomaincontaining protein that is
indispensible fothenormal twitching motility inPseudomonas aeruginaséd/e
found that the GGDEF and EAL domains of Kirto be catalytically inactive,
andthat the inactive EAL domain of FimX bindsdc-GMP with high affinity.
We further found that the binding of -di-GMP in FimX triggers a
conformational change in the remote REC domain and the linker region by

hydrogendeuterium (H/D) exchange coupled mass spectrometry. The result

Xiv



provides a moleculaexplanationfor the change of cellular localization for
FimX upon the abolishment of thedc GMP binding capabilityGiven the large
number of norenzymatic EAL domains ended by bacterial genomes, the
molecular mechanisms underlying thedieGMP induced conformational
change and signal propagation may be conserved in otherenagmatic EAL

domains.
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CHAPTER 1 INTRODUCT ION

1.1 Cyclicdi-GMP as a signaling molecule

Bis- 1 -6yclic dimeric guanosine monophosphate (cyclieGMP or
c-di-GMP) was first identified as an activator of the cellulose synthetase
complex inAcetobacter xylinm 20 years ag¢107) In recent years, researchers
have discovered amncreasingly important role of-di-GMP in bacteal
pathogenesisThe phengtipes mediated by-di-GMP rangefrom twitching
motility, biofilm formation, virulence gene expression, @l signaling to pili
and flagellar synthesié&9, 105106, 127)(Figure 1.1). In a short period of
several years,-di-GMP has established itself as a ubiquitous second messenger
in thebacterial kingdom.

One striking role of @i-GMP is to mediate various bacterial motilities that
include swimming, swarming, and twitching motili§wimmingin liquid and
swarming across surfaces are powered by the flagella, whereas twitching
motility is mediated by the repeated extension and retraction of Type IV pili
(Tfp) (37, 81). Recent studies have shown that the functions of both flagella and
Tfp are under the control ofdi-GMP. Down regulation of flagellar motility by
c-di-GMP has been demonstrated almonella Typhimurium and Vibrio
cholerae(7, 118) while the regulation of the transcription of several proteins
involved in flagellar synthesis bydi-GMP is also revealed in several bl

strains. Deletion of the gene that encodes FimXdi-GMP signalingprotein

1



in Pseudomonas aerugingsmhibits the Tfp assembly on the cell surface,
demonstrating the control of twitching motility bydcGMP (55, 61)

C-di-GMP also regulates the production of extracellydatysaccharides
(EPS), a key component of bacterial biofinMicrobial cells adhere to each
other or to the surface by embedding themselves in the EPS to form structured
biofilm microcolonies.Biofilm forms on living or nonliving surfaces, and
represents a prevalent mode of microbial life in natural, industrial and hospital
settings. Microbial cells growing in a biofilm ap#ysiologicallydistinct from
the planktoniccells or freeswimming cells.C-di-GMP seems to control the
switch between the motile planktonic and sathry biofilmassociated life
styles High levé of intracellular edi-GMP tend topromote biofilm formation
and repress twitching motility and flagellar synthesis, simg versa Such
regulatory role has been observed in numerous pathogens svathateraeS.
Typhimurium P. aeruginosaandYersinia pesti$36, 51, 64, 118, 13637).

The third aspect of bacterial pathogenesis under the contredieGMP is
virulence gene expression. Increasirgjudies by genetic screening and
transcriptional profilinghave linked the regulation of virulence tedeGMP
signaling in various bacteridlhe most prominent example is the CLP protein
from Xanthomonas campestri®eletion of clp gene inX. campestrishas
changed the transcriptional expression level of 299 genes includinggefms
that encodeéranscription factor§47). This CAMP reeptoklike proteinwaslater

identified as a @i-GMP receptor.Structural and biochemical studies have


http://en.wikipedia.org/wiki/Physiology
http://en.wikipedia.org/wiki/Plankton

revealedthat the binding between CLP arte target promoter DNA is
abrogated by-di-GMP bound to CLRwith micromolar affinity Together, these
findings suggesthat theCLP proteinregulates the virulence genes expression
in X. campestrisand this regulation could beegatively regulatedby cellular
c-di-GMP concentratior{16).

In the @st several years, theles of edi-GMP in bacterial physiologyral
pathogenesis have been examdnntensively(Figure 1.1) How c¢di-GMP is
distributed in the bacterial cells is another topic under investigation. In a recent
work, cenetically encoded fluorescenceesonance rergy transfer
(FRET)based biosensors have been developed to monitor the concentration of
c-di-GMP within bacterial cells by microscopy. It was found that there is a tight
spatial and temporal regulation ofdeéGMP in the presence of diverse
receptors, ncluding PilZ domain proteins, mRNA riboswitch, andliecGMP
binding transcription factorq1l, 88, 111, 122) Christen and colleagues
engineeed a sebf (FRET)baseddiosensors by fusing PilZ proteins, one of the
c-di-GMP receptors, with fluorescent tags. It is observed that the fluorescence
properties of these biosensors cowdflact cellular edi-GMP levels(21).

Lastly, c-di-GMP has been found as a potentranostimulant thagxhibits
promising potentialgs a vaccine adjuvant for cancer treatment and prevention
of bacerial infection. Cdi-GMP inhibits the proliferation of various cancer cell
lines by laecking majority of cells in the S (DNA synthesis) phase of the cell

cycle (82, 90) C-di-GMP canalsostimulate protective innate immunity against



various bacterial infections. For example, in pneumococcal diseases,
subcutaneous administration of-deGMP elevates the expression of
chemokines and type 1 cytokines and invokes the accumulation obpielgr

T cells and activatedatual killer (NK) cells. Hencgit is promising to
further explore edi-GMP as a vaccine adjuvattt activate innate host defense

against respiratory and systemic infect(60).

Biosensor Cancer treatment
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Figure 1.1 C-di-GMP acts as a global signaling moleculbe arrowspointing
down indicate the physiological functions regulated byi<€sMP such as
cellulose synthesis, twitching motility, biofilm formation and virulence gene
expression in bacteria. The arrop@inting upindicate the novel application of
c-di-GMP in biotechnimgy like biosensors and vaccine adjuvant



1.2 Molecular mechanism of edi-GMP metabolism

The synthesis of-di-GMP iscatalyzed by the diguanylate cyclases (DGCs)
proteins that contain the GGDEF domains. The GGDEF domains catalyze the
formation of edi-GMP from two GTP molecules. The hydrolysis cdeGMP
requires phosphodiesterases (PDEs) that contains either a conserved EAL
domain (PDEA) to produce linear moleculefpGpGor a HDGYP domain to
generate GMP. The intracellular concentration -afi-GMP is believed to be
regulated by the ubiquitous GGDEF, EAL, and 4@YP domain proteins in
bacterial cellskigure 1.2) (59). Although tere arevarious proteinsvith single
GGDEF or EAL domainsa number of GGDEF and EAL containing proteins

contain both domains in tandem.
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Figure 1.2 Synthesis and degradation afdi-GMP. Conversion of two
molecules of GTP to-di-GMP by diguanylate cyclase (DGC) by the GGDEF
domain and hydrolysis from edi-GMP to fpGpG and GMP by the
phosphodiesteras®PDE-A) protein with an EAL domain or HEBYP
domain.



1.2.1 Diguanylate cyclaes

Study of the GGDEF domain proteins from bacteria sudAsasidomonas
fluorescensS. typhimurium Y. pestis andEscherichiacoli confirmed that the
DGC activity can beattributated to th&sGDEF domain protein€l5, 64, 68,

74). Oveexpression of DGCproteins has been demonstrated to increase
cellular oncentration of @i-GMP (93, 112, 118)

The GGDEF domain of th€aulobacter crescentyzotein PleD has been
characterized in detaiby Hecht and coworker$48, 94) PleD contains a
C-terminal GGDEF domain and two-ftdrminal receiver domains. The protein
controls cell transition from the swarmer (flagellated form) to the stalked form
(surface attached forn35). In vitro enzymatic assays provide direct evidence
to support that the GGDEF domain exhibits DGC activity when it forms a
homodimer in the proper conformation. Structural determination of PleD in
complex with the GTP substrate analog reveals a twé" Naps asisted
catalytic mechanism. Synthesis ofleGMP is catalyzed by the cooperative
action of the two GGDEF domains that each binds a GTP molecule.
Site-directed mutagenesis suggests that the conserved signature motif GGDEF
constitutes the catalytic activees along with other substrate binding residues
(92, 145)(Figure 1.3A).

Determination of the PleD crystal structure also revealed a product
inhibitory site (ksite) that is independent of the active sites. Fhitel consists

of an RxxD motif that can bind-di-GMP to cause noncompetitive product



inhibition (13, 19, 145)Figure 1.3C). Sequence alignment reveals that more
than 60% of the GGDEF domains from the bacterial genomes contain a putative
I-site with a RxxD motif (R can be replaced by a different charged regiti@e)

114)

RAIDLPCRY

Figure 1.3 Structure of GGDEF domain of PlePDB code: 2VON) from
Caulobacter crescentusith the active site (Asite) and product inhibitory site
(I-site) highlighted145) (A) Close up view of the-site with ¢di-GMP bound.
(B) Overview of theGGDEFdomainof PleDwith GTP bound to the Aite and
c-di-GMP bound to the-site. (C) Active sites in complex with the substrate
DQDORJ *73.6 DQG WZR PDJQHVLXP LRQV

1.2.2 Gdi-GMP specific phosphodiesterases

The name of the ubiquitous EAL domain originatesm the conserved
signatureEAL (Glu-Ala-Leu) motif. It contains approximately 2&0ninc-acids
and is encoded by genes in most sequenced bacterial ge(idibe8enziman
and colleaguedirst revealed the roles of EAL and GGDEF domains in
regulating cellulose synthesis /A xylinum(126). Later, kased on the study of

Salmonella enteric@rotein YhjH andV. choleraeprotein VieA, the two EAL



domains have been confirmed to possess PDE activity sinceexpegssion of
these proteins reduced the intracellular level a@fi-GMP (33, 129) Mark
Gomelsky and colleagues identified a single EAL domain proYahA and
demonstrated its-di-GMP specific PDE activityn vitro (115) Intriguingly, as
demonstratedby the results from this study and other labs, some EAL domain
proteins are enzymatically incompetent due to the mutation of the signature
EAL motif and other key catalytic residugt, 88, 125, 138)

HD-GYP domain is a subfamily of the HD family metipendent
phosphohydrolases. The first HRYP domain proteirdemonstrated to possess
the ¢di-GMP specific PDE activity is from the plant pagenicXanthomonas
campestrispv. campestris(Xcg (109). In Xcc, the twecomponent signaling
transduction systemipfC and rpfG controls the synthesis of extracellular
polysaccharide (EPS), exprass of virulence fact@ andbiofilm formations.

The HD-GYP domain regulatory protein RpfG and the protein RpfC function as
the response regulators of the tammponent signaling system. Mutation of
rpfG leads to a coordinated reduction in the syshef theEPS expression,
which leads to the suppressed biofilm formation. In consistent with ¥s/0
functions, RpfG exhibits-di-GMP specific phosphodiesterase activityvitro,
directly generating GMR3, 28) However, it should be notetthat there are
much less frequent occurrence of #8YP domainsthan EAL domainsin
bacterial genomes. Therefoiiejs clear that the EAL domain proteins are the

major PDEs for @i-GMP degradation.



1.2.3Regulation of DGC and PDEA activity by regulatory domains

Most GGDEF and EAL or HBGYP domains are associated with putative
regulatory and sensor domains. The nomenmon sensor domains include REC
(Response Regulator), PAS (Pent-Sim), BLUF (BlueLight Photoreceptor),
and GAF domain§41, 57, 103, 124, 132, 14@jigure 1.4). The potential input
signals that regulate the enzymatic activities are likely to be diverse. For
example, the PAS domains have been identified as sensors for light,
redoxpotential, and oxygen, often through binding cofactors such as flavin and
heme(26, 56, 140)In A. xylinum it has been shown that oxygen level regulates
the PDE activity of proteimxPDEAL, through its hembinding PAS domain
(14). The GAF domain has been known for small ligand binding and
proteinprotein interactions. For example, iBaccbaromyces cerevisjia@a
phosphodiesterase binds the regulatory molecule cGMP with -ternNnal
GAF domain(79). It is most likely that the GGDEF and EAL domains are
modulated by GAF domains in bacteria given that the widespread occurrence of
GAF-EAL and GAFRGGDEF proteins. Moreover,-di-GMP synhesis or
degradation is likely to couple withtwo-component signaling pathways
considering that some GGDEF or EAL domains are conjugated with the
CheY-like response receiver (REC) domains. A notable example is the
REGREG-GGDEF protein PleD fronC. crescetus Phosphorylation of its
first REC domain induces dimerization and leads to the activation of the

GGDEF domair(17, 92)



1.3GGDEF-EAL didomain proteins

Although many proteins contain either the GGDEF or EAL domain,
approximately one third of known GGDEF and EAL containing proteins
contain both domains. In most cases, the tandem G@DHFdidomains are
located at the @eminus with regulatory domains at thet®&rminus Figure
1.4) For example, th€. aeruginosagenome encodes 17 GGDEF, 5 EAL and
16 GGDEFEAL domain proteing35). Equally striking, there are 31 GGDEF,
22 EAL and 10 GGDEEAL domain proteins in V. cholerae (35).
Theoretically, the GGDEEAL domain proteins could exhib#itherDGCs or
PDE activity, or they could possess both activities. As demonstrated in this
thesis, there are also GGDIHAL domain proteins exhibithat neither DGC

nor PDE activity.

1.3.1 Didomain proteins with enzymatically active GGDEF domains

We first discuss several GGDEFAL didomain proteins that only exhibit
DGC activity. Threecdgoperons were found to control the cellular turnover of
c-di-GMP in A. xylinum Each of the three operon is organized witipdeA
gene upstream of @dgcgene(126) A total of six isoengmes encoded by these
gene operons were identified. The isoenzyrA@®GC1-3 and AXPDEA1-3
share similar domain organization as PBSDEFREAL (Figure 1.4). Genetic
disruption analysis demonstrated that the three prot@MBBGCI1-3 exhibit

DGC activityin vivo, whereasAXPDE-A1-3 exhibit PDEA activity (14, 95)
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Their Nterminal PAS domamwere first proposed to function as regulgtor
domains, which was confirmed f8xPDE-AL later.

MorA, a transmembrane protein, is found to regulate the timing of
flagellar development and affects motility, chemotaxis, and biofilm formation
among diversd’seudomonaspecies(18, 83) Bioinformatic amlysis shows
that morA homologues are ubiquitous among Bieudomonagenomes and
that they share a high sequence similarity. The domain organizations of various
MorA proteins are well conserved. The MorA family proteins apentally
present as single cigs in the genome and always contain a trar&nbrane
domain. In cytoplasm, there is a sensory domain consisting of PAS/PAC motif
that is responsible for sensing environment cues such as light, redox potential,
or oxygen, as well as a GGDHAL didomain Iacated at the @erminus
(Figure 1.4). Genetic evidence showed that disruption noérA enhanced
swimming motility and chemotaxis iRsseudomonagputida It also restricts the
timing of flagellar development since the deletiomadrA is induced to form
flagellar in all growth phase. In addition, the deletionnobrA decreases the
biofilm formation in P. aeruginosa Taken together, the data suggested that
MorA may act as a DGC protein in varioBseudomonaspecies regulating

flagellar synthesis and biofilm formatigm8).

1.3.2 Didomain proteins with enzymatically active EAL domains

Several GGDEFEAL didomain proteins have been demonstrated to exhibit

11



PDE-A activity only. For instance, contrastAcDGC1-3, one of the isoenzyme
PDEA1-3 proteirs AXPDEA1 exhibits PDEA activity and regulated by
reversible binding of oxygen to the heme sensor bound by its PAS domain
(Figure 1.4). Enzymatic activity assay revedhat the ap@dxPDEAL has less
than 2% of the PDH activity of the holeAXPDEAL. Reconstitution of the
apoprotein with heme restored the full activity. The results suggest that in
AXPDEALl the hemdAS functionsas a regulatory domain to regulate the
actvity of the EAL domain. The oxyorm of the protein exhibits lower
catalytic activity than that of the deoxyotein. In brief, it is implicated that
AXPDEAL is less active at highvel oxygen condition and more active at low
level oxygen environment. laddition, it suggests thatdi-GMP and cellulose
synthesis inA. xylinumwould increase under aerobic conditions and decrease
during oxygen depletionThe hemebinding properties ofAXPDEAL1 are
significantly different from those of other oxygen induced heme sensors. For
example, the rate of autoxidation AKPDEAL (halflife > 12 h) is the lowest

for this type of heme protein so fdr4).
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Figure 1.4 Doman organization of representative GGDEF and EAL proteins.
GGDEF and EAL domains are colored in red and green, respectively.
Regulatory domains are shown in blue and cyan. Predictednrambrane
helices (TM) are indicated. Domains are not drawn to scale.
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The second protein that exhibROE-A activity only is EcDosfrom E. coli,
which possesses a PAAS GGDEFREAL domain organizationFigure 1.4).
The Nterminal PAS domain dEcDoswas proposed to act as a diregtdd NO
responsive hembased sensdB9, 42) The GGDEF domain iecDosdoes not
exhibit DGC activity and so far the specifides of the GGDEF domain in the
catalysis and regulation dicDos remain unclear. On the contrary, the EAL
domain exhibits PDE activity by converting ai-GMP into the linear
dinucleotide fpGpG Shimizu and colleagues found thatttp the FéIl) and
Fe(ll) heme boundEcDos proteins exhibits PDHA activity toward edi-GMP
(27 and 61 mift, respectively) and that the activity of the Fe(ll) protein form is
obviously enhanced by the binding of either(@6 min) or CO (143 mirt)
(113). Mutagenesis coupled kinetic analysis suggest that a methionine residue,
the Mef® coordinated to theFe(ll) center plays a critical role in signal
transduction. Conformational changes around®RMedused by the binding of
external gas signals unlock the catalytic activity by activating the downstream
EAL domain(130) Hence,EcDos appears to be a new hetfnased gas sensor
which response to more than one type of gaseous molecule.

The protein CC3396 is a GGDHEAL didomain protein fromC.
crescentushat exhibits PDEA activity (Figure 1.4). The EAL domain convert
c-di-GMP into the linear dinucleotide §oGpGin the presence of M§" ions
but is strongly inhibited by the &aions. The GGDEF domain contains a

degenerate GEDEF motif and etonot exhibit DGC activity. The degenerate
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GGDEF domain specifically binds GTHKd R 0O DQG DOORVWHULFD
regulates the PD# activity by lowering theKy for substrate -@i-GMP to a
significant level Mutagenesis analysis has shown that the mutant lacking the
gene CC3396 reduced the cellular PDE activity more than 80%. In addition,
enzymatic assays and UV crdsk experiments with purified fullength
protein and single domafinragments reveal that the PBEactivity is confined
within the EAL domain of CC339620). Meanwhile, although the degenerate
GGDEF domain lacks catalytic activity, it retains the ability to bind GTP and
function as a regulatory domain. It is further postulated that SBRBEF
domairs could act agegulatory domais for the EAL domain in a similar
fashion

The protein CdpA contains both GGDEF and EAL domains but only
possesses PDE activity in vitro. The PDEA activity is regulated by the
enzymatically inactive GGDEF domain, which is similar to the CC3396
(Figure 1.4). ThecdpAgene was first annotated as VC0130 frdncholerae
The CdpA protein contains a tandem GGDPEAL domain, with a GVGEW
replacing the GGEF motif and an EClinstead of EALmotif. Despite a
mutation in the EAL motif (ECL), CdpA exhibits PB& activity in vitro. The
cellular ¢di-GMP level of 'cdpA mutant is fowfold higher than that of the
parent strain. Overexpression of CdpA in the mutant led to undetectable levels
of c-di-GMP. Together with previous enzymatic assay data, these results

confirm CdpA as an active PDE protein. To test whether the degenerate
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GGDEF domain (GVGEW) of CdpA play a similar regulatory role as in
CC3396, mutagenesis and genetic experiments were conducted.
Overexpression of a GGDEF domain mutacdpA (AVGAW) enhances
motility compared to the vectealone strainbut less effective than the WT
cdpA In addition, theedpA( ' ECL) mutant had no effect on biofilm formation.
Meanwhile, the oveexpression of cdpA (AVGAW) decreased biofilm
formation by fousfold, indicating thatpartial PDE-A activity remains in the
cdpA (AVGAW) mutant. These results indicate that the GVGEW domain of
CdpA is required for the full PD# activity of EAL domain(128).

The genebifA (PA4367) from pathogeR. aeruginosaencodes the protein
BifA of 688 amino acids with a MW of ~78kD@he BifA protein is predicted
to contain an Nerminal traneiembrane domain, which anchors the protein to
the inner membrane with thet€rminal GGDEFEAL didomains resided in the
cytoplasm(Figure 1.4). Deletion of thePA4367 gene results in a severe defect
in swarming motility and a hyperbiofilm phenotype indicating that the gene
bifA plays a regulatory role in biofilm formation.idhemical evidence
suggests that the protein possesses PDE activiytro, capable ofcleaving
both the synthetic substrate {pSPP and the native substratedieGMP.
Nevertheless, there is no detectable DGC activity of BifA presumably due to
the altered signature motif in the GGDEF domain (GGDQW)tagenesis
analysis shows that the Aspsidue in the signature EAL motif is critical for the

PDEA activity. Consistent with thesen vitro observationsjn vivo studies
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show that the "bifA mutant exhibits increased cellular concentration of
c-di-GMP and increased synthesis of polysaccharigmuired for the
hyperbiofilm formationthan the wild typeHowever, expression of eithethe
GGDEF motif mutant (GGDQRAAAA) or EAL motif mutant (EALAAL)
SURWHL Q VbifA QnutdhK ktrainfailed to suppress the hyperbiofilm
phenotypeof the EbifA mutant. These results indicate that btie EAL
domain and the GGDQF domain of BifA are requiredpi@per functionin
Vivo (66).

The protein PigX is the first characterized GGBIEAL didomain protein
in Serratia and alsothe first example of GGDEF/EAL domain proteins
involved in the regulation of antibiotic productidpigX, identified in Serratia
strain ATCC 39006, is predictegb contain two MNterminal tranmiembrane
helices and a taetn GGDEFEAL domain (Figure 1.4. Fineran and
colleagues demonstrated that PigX plays a key role in regulating a conditional
biosurfactant production and swarming phenotyp&erratia strain. Bioassay,
gene fusion, primer extension, and proteomic experiments revealed that PigX
cortrols the biosynthesis of the secondary metabolite: prodigiosin, by
repressing the transcription of the pig biosynthetic gene op@igA-pigO).
Bioinformatic analysis indicates that PigX contains a degenerate GGDEF
(YHSDF) signature motif, indicating th#he protein is unable to catalyze the
synthesis of @i-GMP. Moreover, PigX does not contain the RxxD motif

conserved in most active DGCs for product inhibition. Analysis of EAL domain
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of PigX demonstrates that the conserved EAL signature motif is ezpllag
ELI. Complementation experiments show that a triple alanine substitution
mutant is not able to complement thigX mutant for the Pig @duction. The
EAL domain alone fully complements Pig biosynthesis in pigeX mutant
strain back to wild type lev® Such genetic evidence suggests that PigX
functions as a PDE to regulate the cellulali-€<SMP turnover and transcription
of genes involved in the production of secondary metab@B@s

The protein CdgC fronV. choleraewas identified as a regulator of rugose
colony development, biofilm formation, and flagellar motilitf4). CdgC
harbordboth GGDEF and EAL domains, with the GGDEF domain lacking the
conserved GG[D/E]EF signature motifs. It was predictedttiimtprotein only
functions as a lposphodiesterasd-igure 1.4). After arabinose induction, the
overexpression of CdgC ¢dggQ exhibited a significant increase (42%) in
motility compared to the control strain. Ow@xpression of a mutant CdgC with
an altered EAL motif (pdgGAAL) did not cause any significant change in
motility, indicating that the EAL domain of CdgC is active and is responsible
for increased flagellar motility. Is also revealed that the GGDEF domain of
cdgCis inactive, sincé does not lead to any change in flagelawtility when
the EAL domain is mutated. Together with the previous study that the
overexpression of CdgC decreased\vhsgene expression, the result suggests
that CdgC acts as a phosphodiesterase. It was found that CdgC regosates

gene expression iN.choleraethrough a regulatory network composed of the
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protein products ofpsT, vpsR andhapRand other possible regulatory proteins
that are required for polysaccharide synthesis, extracellular protein secretion,
flagellar biosynthesis, and virulence factor expression. Mutagenesis analysis
has shown that CdgC negatively regulates the expressigrsgene indirectly

by repressing the expressionwpisRandvpsTand increasing the expression of
hapR Because VpsR and VpsT are required for the transcription eptdgene,
HapR, which is shown to positively regulate expression of flagellar
biosynttesis genes, can negatively regulapes gene expression through the
suppression ofpsRand vpsTexpression in thedgC mutant, and results in a
reduction in flagellar gene expressigib).

The protein PA2567 was first identifigéa the screening for genes that can
restore the ability of swarming, virulence gene expression and preventing
biofilm formation in several swarmingegative phenotype mutants iR
aeruginosa Biochemical study showed that the protein PA2567 exhibited
c-di-GMP specific phosphodiestera8e activity in vitro (109) Sequence
analysis of PA2567 indicates that the protein is comprised of -terminal
GAF domain, and a tandem GGDHEAL domain at CGterminus. In contrast to
the ative EAL domain, the GGDEF signature motif of PA2567 is replaced by
SPTRF and predicted to be a catalytically incompetent Driglife 1.4).

The last characterized protein ScrG with 568 amino acids contains a PAS
domain, a GGDEF domain and an EAL domaih. is the second

GGDEFREAL-encoding locus identified to be involved in the regulation of
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swarming and sticking irvibrio parahaemolyticus Bioinformatic analysis
predicts that the ScrG is an active PDE with the conserved EAL motif and an
inactive GGDEF domin due to the altered GGDEF (HDDDF) signature motif
(Figure 1.4). To confirm theenzymaticactivity of ScrG, genetic disruption and
mutation were used to observe the phenotgiference. Overexpression of
ScrG inducd flagellar laf:lux gene expressioim liquid and suppressdaofilm
formation. Expression of a mutafdrm of the protein with the EAL domain
truncated ScrG-ga ) abolished the activity of ScrG. An alanine substitution for
the glutamate (E350A) in the EAL signature motgalcompletely disrupted

the ability of ScrG to activat&af gene expressiort was further shown that
overexpression ofthe full length ScrG protein decreaseegllular c¢di-GMP

level, whereas oveexpression ofthe truncated protein Scra. raised the
c-di-GMP level Besides, thedefected mutants of ScrG exhibited altered
swarming, flagellar synthesis and colony morphold@3). Three alanine
substitution mutations to the HDDDF motif (HDADF, HDDAF, HDDAA) were
introduced into Scr@ogether with théruncated ScrGea.. None of the mutants
seemed to be critical for the activity associated with the GGDEF daméie
absence of the EAL domaiSequence analysis suggested that ScrG possesses
an enzymatically inactive diguanylate cyclase domdaken together, these
data supportthe prediction that ScrG acts as phosphodiesterasé/. in

parahaemolyticus.
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1.3.3Didomain proteins with both enzymatically active GGDEF and EAL
domains

Intriguingly, recent studies have revealed severaifunctional
GGDEFREAL didomain proteins with both DGC and PB¥activities. BphG1,
the first bifunctional GGDEfEAL didomain protein identified in-di-GMP
signaling, is a photochromic protein froRhodobacter sphaeroide§he 92
kDa protein harbors a PASGAF-PHY-GGDEFREAL domainorganizationand
the PAS domaimindsbiliverdin (BV) covalentlyas a light sensoF{gure 1.4).
Sequence analysis suggests that both the GGDEF and EAL signature motif are
highly conserved. Howevethe full-lengthBphG1 exhibits eli-GMP specific
PDE activity only in vitro with the PDEA activity independentof light
intensity An approximately 31 kB protein was found to be qaurified with
BphG1 through the affinity chromatography. It turns out to be the entire EAL
domain of BphG1, and this EAL domain fragment retains the-RCi€tivity.
A truncated BphG1 protein without the EAL domain was cloned and purified in
the same condition ake full-length protein. Surprisingly, theolo form of the
truncated BphG1 displaygght-dependent DGC activityThese results suggest
that BphG1 isapotentially bifunctional GGDEFEAL domain protein wittboth
c-di-GMP synthesis and hydrolysis activities. The catalytic activity can be
switched from PDE to DGC by cleaving the&@minal EAL domain(131).

ScrC is the first GGDEEAL didomain protein identified inV.

parahaemolyticuso influence the cellular-di-GMP concentration. The protein
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regulates swarming motility, polysaccharide production, and flagellar synthesis
gene expression. TheerC gene is part of the thregenescrABC operonthat
encodesthe ScrC protein ScrC harbors two tramaembrane domains at
N-terminus (~300 amino acids length) and a tandem GGDHAL didomain

at the cytoplasmic @erminus (11)Figure 1.4). Both the GGDEF and EAL
domains of ScrC are highly conserved avete prediced to possesdoth the
DGC and PDE activities. Similar t8crG, deletion othe EAL domainof the
ScrC, produced the similar phenotype thedeletion of the entire gene or
operon, strongly suggestinghat the dominant role of ScrC is to degrade
c-di-GMP in vivo. In the absence afcrA and scrB, overexpression ofcrC
suppresses swarming gene expression and enhances polysaccharidpsgene
transcription. However, overproduction sfrC in the presence ofcrA and
scrB induces swarming and preverpstranscription. Thus, ScrC appears to be
a diguanylate cyclase in the absence of ScrA and BatB phosphodiesterase
in the presence of these two partners. Genetic evidence fudhfed the
catalytic activities for the GGDEF and EAL domains, respectively. The
mutation of the EAL motif to AAL suppressed the ability of ScrABCegulate

the expression of thiaf andcpsgene. Interestingly, instead of inactivating the
diguanylate cyclase activity, alanine substitution of Adp the GGDEF motif
affects the putative phosphodiesterase activity, as SceBLCis not able to
activate laf expression(31). Compared to the bifunctional GGDHEHAL

didomain protein BphG1 fronR. sphaeroides ScrC does not need to be
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physically cleaved to exhibit DGC actiyi The activity of ScrC appears to be
regulated by other two proteimrsicoded bythe same operon. The peripldasm
protein ScrB resembles an extracellular binding proteiradly bind input
signals and interact with ScrC. The role of the cytoplasmic protein ScrA in this
signal transduction istill unclear. It is hypothesized tha$crC is associated
with ScrA and ScrBand exhibits phosphodiesterase activity. Environnant
cues cold regulate theroteinprotein interaction and switch tHRDE activity
to DGC activity.

The protein MSDGEIL from Mycobacterium smegmatis a threedomain
protein withthe GGDEFREAL didomains athe C-terminus and a GAF domain
at the N-terminus Figure 1.4). Kumar and colleagues cloned, expressed and
purified this proteinto demonstratehat it exhibits both DGC and PD&
activity. The GGDEF domain converts the substrate GTP irdb@MP firstly,
and then @i-*03 ZRXOG EH GHJUDGHG E\ WHEpGE$/ GRPDLQ
Besides biochemicalevidence, gene deletion of MSDGQ affects the
long-term survival of M. smegmatisunder the conditiors of nutritional
starvation. To understand the regulation of MSDGGhe individual GGDEF
and EAL domain was cloned, expressed and purified separately. Intriguingly,
both the stan@dlone GGDEF and EAL domain aenzymaticallyinactive.
Furthermore, addibn of one domain to the other for prolonged incubation did
not enhance any activity. The result indicates that both GGDEF and EAL

domains of MSDGEL are required for the DGC and P2Eactivities as the
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deletion of the single domain would abolish the cai@bctivity (134).

1.3.4 Didomain proteins with enzymatically inactive GGDEF and EAL
domains

In contrast to the bifunctional GGDHFAL domain proteins, several
studies reveal that some didomain proteins exhibit neither DGC nor PDE
activities. TheE.coli protein YhdA, a regulatofor the csrB and csrC gene
expressiorbelongs to awo-componensigraling system. YhdA wa predicted
to bea membrane boungrotein thatcontairs a GGDEFEAL didomainwith
highly degenerateGGDEF and EAL motg (Figure 1.4 (125) Genetic
evidence suggests that the YhdA affects the expressiorsstCdacZ reporter.
However, there isi0 direct evidencsuggestinghat YhdA binds to thesrBor
csrC promoters. The membrane bound protein YHdéksthe EAL motif and
probably lacks di-GMP specific phosphodiesterase activiljhe GGDEF
signature motif isalsovery poorly conserved in YhdA (HRSDF). Deletion of
the SalmonellayhdAgene (STM3375) lthno apparent effect on the formation
of extracellular polysaccharides and motil{t}20) This suggests that YhdA
exhibits neither PDEA nor DGC activity andmay function as neenzymatic
domains.The presence of a putative 100 amino acid tramsmbrane region and
a putative coilegtoil linker domain suggests th#te protein is likely to be
regulated byexternal signals or membrabeund factors.

FimX is a cytoplasmic protein (760a) required for normal twitching
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motility and biofilm formation in the opportunistic pathogeraeruginosa(s5,

61, 67) FimX comprises four domains that include a Chie¥ REC domain, a
PASdomain, a GGDEF and an EAL domakigure 1.4). The functions of the

REC and PAS domains remain unknown despite the overall sequence homology
shared with other REC and PAS domains. The REC domain is unlikely to
function as an archetypal phosphoreceiver a@iomconsidering it lacks the
essential Asp residue required for phosphorylation, whereas the PAS domain
could act as a sensor domain for an unidentified siF@l FimX was first
identified as a phosphodiesterase and is regulated by the degenerate GGDEF
domain. However, recent solution and crystallographic studies from
Sondermann and ewmorkers have demmstrated that the EAL domain &
aeruginosaFimX is inactive and capable of bindingdeGMP with high
affinity (below 1 nM)(86). Farah and cavorkers further reported that the EAL
domain of the FimX homolog iXcc not only binds ei-GMP, but also
interacts directly with the PilZ proteira key protein in type IV pili synthesis

(45).

1.4 Objectives and organization of this dissertation

The overall objective of this FD. project is to elucidate the catalytic and
regulatory mechanisms of GGDHAL didomaircontaining proteins in
c-di-GMP signaling. Asmentionedabove, edi-GMP signaling pathway plays

vital and dynamical roles in dictating many aspects of bacteelahvior and

25



the regulation is executed hiyje GGDEF/EAL domaktontaining proteinsn
various cases About one third othe GGDEF or EAL proteins contain both
domains in tandem at the-t€rminus and often present in conjunction wtik
sensor domainsuch asPAS, GAF, and RECIt is of great interest to
understanchow these didomain proteirsge regulatel by the sensor domains
for controlling c-di-GMP concentration.We set out by selecing three
representatie GGEDFEAL proteins and utilizindpiochemical and bighysical
approaches tgrobe the function andmechanismof the proteins The three
GGDEFREAL didomaincontaining proteinanclude PA2567, FimX fromP.
aeruginosaandAXDGC2 fromA. xylinum

At the beginning of theesearctprojectin 2006 the structural and catalytic
mechanism othe GGDEF domain proteinsvere relatively well understood
through the studies on PleD and WspR. In contthst]ack ofinformation on
the structure and catalytic mechanifon the EAL domain presented an initial
chdlenge for us.Togetherwith the stidy of the EAL domain protein Rochn
our lah thedidomain protein PA256Wasexamined Site-directed nutagenesis
and kineticmeasurementsere performed to probe the catalytic mechanism.
Study of PA2567 assistl the classification of catalytically active and inactive
EAL domains. Te elucidation of catalytic and regulatory mechanisms of EAL
domainshas contributed to theffort of decipheringhe cdi-GMP signaling
pathway.

The second proteidxDGC2 is one of theGGDEREAL proteins that
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regulate cellulose synthesis in the obligate aerabeylinum It was predicted

to contain a putative active GGDEF and inactive EAL domain. Previous
sequence analysis suggasbthat the Nterminal sensoryPAS domain could
regulatethe catalytic activity. Thus, it sersas a model systeffor the studyof

the regulation oflGGDEFREAL didomain proteinactivity by the sensory PAS
domain.

The third proteinFimX is a multi-domain signalingorotein required for
normal twitching motiliy, type IV pili synthesisand biofilm formationin the
opportunistic pathogeR. aeruginosa FimX localizes at oneinglepole in the
bacterialcell and containdoth highly degenerate GGDEF and EAL domains.
The Nterminal REC and PAS domainvere predicted to be sensor domains for
perceiving input signal or interagin domains for interactingvith other
proteins. FimX provide us with a platform to study théunction of a
GGDEFREAL didomain protein wittputative norenzymatic GGDEF anBAL
domains

In brief, we aim toexaminethe three GGDEfEAL didomaincontaining
proteinswith functionally diverse GGDEF and EAL domainBhe detailed
elucidation of catalytic and regulatory mechanism of theee didomain
proteins would yield insights intahe molecular mechanism of thedeGMP
signaling network Towards this goal, this dissertation is divided into the
following five chapters.

Chapterl reviews the roles of-di-GMP signaling in bacteria and the
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regulation ofc-di-GMP by the GGDEF and EAL domain proteis@ame of the
characterized GGDEEAL didomain proteins arbriefly introduced withtheir
domainorganization, enzymatic activitgnd associateghenotypes.

Chapter2 presents the study of the first didaincontaining protein
PA2567. The results helfp establish thecatalytic mechanism of the EAL
domains.Elucidation of the catalytic mechanism enabledtaslassify EAL
domainsacording toenzymatic activity.

Chapter3 discusse®AxDGC2. The full-length prdein exhibitsonly DGC
activity and is regulated by the redox status of FA®-bound PAS domain.
Biochemical ad mutagenesis evidence providgeresting insights into the
regulatorymechanismas well as theegulation of edi-GMP level and cellulose
synthesis in the obligate aerofexylinum.

Chapter4 is devoted taFimX. The EAL domain of FimXwas found to
function as a edi-GMP binding receptorather than @i-GMP degradation
domain. Hylrogendeuterium (H/D) exchange studyy massspectrometry
reveals that the ibding of c¢di-GMP to the RL domain triggers a
conformational change in the REC domain and adjacent linker.

Chapters concludes theséuglies and suggests future work
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CHAPTER 2 CATALYTIC MECHANISM OF THE EAL DOMAIN OF
PA2567

2.1 Introduction

EAL domain proteins are the major phosphodiesterases for maintaining the
cellular concentration of-di-GMP in bacteriaGiven the pivotal roles of EAL
domains in the regulation of virulence secretion and biofilm formation in
pathayenic bacterig53, 129) the elucidation of the catalytic and regulatory
mechanisms would assist the development of antibacterial agents and contribute
to the effort of deciphering the cycldi-GMP signaling pathway.

Previous studieBaveindicated the existence of at least two classes of EAL
domains, one class with apparentli€GMP specific PDEA activity and the
other class witbut apparent catatic activity. The genomes dbacteria that
contain the @i-GMP signaling network encode miple copies of EAL domain
proteins, with many of them associated with an adjacent GGDEF domain. The
utilization of the GGDEF domain could be a major strategy for regulating the
catalytic activity of the EAL domains. For example, tABEA activity of
CC3396 fromC. crescentuscan be stimulated by the binding of GTP to its
degenerated GGDEF domai20). Meanwhile, the putative inactive EAL
domains occurred in the GGDHFAL proteins that with active GGDEF
domains raise the possibility that some EAL domains may function as
regulatory rather than catalytic doma{g88, 138)

Although the detail@ catalytic mechanism of the EAL domains was
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unknown at the start of the project, the caysttructures of two EAL domain
proteinsTdEAL and Ykul ha been determined (PD&des 2R60, 2BAS) (84,

133) by two structural genomic groups. EAL domains adopEd)§ barrel fold

that contains two extended strands, including anparllel strandFrom the
previous bighemical studies of EAL domain proteins, it wa®wn that Mg*

or Mn** ion arerequired forhydrolyzingcyclic-di-GMP (115, 129) It was also
found that ZA"™ and C&" ion strongly inhibied the enzymatic activity,
presumably by dislodging the ¥fgion. The Glu in the EAL (or EXL) signature
motif seems to be essential for the enzymatic activity, considering th&lthe

to Ala mutants in two EAL domain proteins abolished their phosphodiestearase
activities (20, 129) In addition, Schmidt and coworkers suggested that other
conserved motifs, including a D@HG motif, might be essential for the
catalytic activity(115)

The single EAL domaktontaining protein RocRvas used as a model
system for studyng the catalytic mechanisniby our group. In total, the
functions of 14 conserved polar residues in RocR were assigned and a general
basecatalyzed mechanism with the assisg of the M§" ion was proposed
(99). Additionally, the conserved DFG(T/A)GYSS motif forming loop 6 in
RocR, was proposed to not only mediate the dimeozatf EAL domainto
stablize the protein quarternary structutast also control the binding of
c-di-GMP and Mg ion (97).

To furtherexamine whether theroposed catalytic mechanissmsoapplies
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to the EAL domainin the GGDEFEAL context my study focused othe
didomaincontaining protein PA2567The PA2567gene was first identified in
the screening for genes that can restore the ability of swarming,ndeutgene
expression and prevebiofilm formationin several swarmingegative mutants

in P. aeruginosa(109) Biochemical study showed that the protein PA2567
exhibited edi-GMP specific phosphodiestera8eactivity in vitro. Sequence
analysis of PA2567 indicates thdtet protein is comprised ofnaN-terminal
GAF domain, and a tandem GGDHEAL domain athe C-terminus. In contrast
to the active EAL domain, the GGDEF signature motif of PA2567 is replaced
by SPTRF and predicted to be catalytically incompet@ntsynthesizing
c-di-GMP (Figure 2.1).

One Glu (GI#®? and a functional loop 6 in RocR have been proposed to
play a critical role in catalysido test whether the Glresidueand loop 6are
only limited to RocR and whether there is a differenceatalytc mechanism
betweenthe single EAL domaircontaining proteins and didomagontaining
proteins, sitedirected mutagenesis and kinetic measurement yweriormed

with PA2567.

~GGDEF(SPTRF)™

159aa

Figure 2.1 Domainorganizatiorof PA2567 protein.
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2.2 Methods and Materials

2.2.1 Gene clonig and sitedirected mutagenesis
The genomic DNA oP. aeruginosaPAO-1 (ATCC) was isolated following
standard procedured’he gene encoding?A2567 from P. aeruginosawas
amplified by PCR using the Expand Hi§idelity Kit (Roche). The ampled
DNA fragment was cloned into the pE® EkK/LIC vector (Novagen).
Site-directed mutagenesis was carried out using the Quick Change mutagenesis
NLW 6WUDWDJHQH IROORZLQJ PDQXIDFWXUHUYV LQVW
the cloned and mutated genevere confirmed by the complete nucleotide
sequencing (LBase). All the primers used for PCR and mutagenesis are listed

in Table 2.1

Table 2.1Primers used iPA2567cloning and sitelirected mutagenesis

Primer Relevant sequence

PA2567Forward IGACGACGACAAGATGGCAACCCCACCGCG v
PA2567Reverse IGAGGAGAAGCCCGGTTAACGCCGCAGCCAG v
PA256 7 464nForward 5"GAGCTGGAATTCACCGCAAGCGTACTCATCCGCGA'

PA256 %464 ReVerse 5-GTCGCGGATGAGTACGCTTGCGGTGAATTCCAGCTG'
PA256 %sagqForward 5-TATCGGGTGGTCGCGCAAGGCATAGAGACCCACGACASG
PA256 %5450 Reverse 5-GTGTCGTGGGTCTCTATGCCTTGCGCGACCACCCGATR

PA2567s493aForward JATCGCGGTGGACGACGCCGGCACCGGCTACAGCAAT
PA256 754934 REVErSE TTGCTGTAGCCGGTGCCGGCGTCGTCCACCGCGAT
PA256 7498a FOrward ICTTCGGCACCGGCTACGCCAACTGGACCTACCTG
PA2567495a Reverse ICAGGTAGGTCCAGTTGGCGTAGCCGGTGCCGAAG T

2.2.2Protein expression and purification

The plasmids harboring the genes were transformed Entooli strain
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BL21(DE3) (Novagen). The cells were grown in LuBartani (LB) media at

37 °C with vigorous shaking (22€pm) until the ODRQonmreached 0.9.8.
Isopropyt -D-thiogalactopyranoside (IPTG, 0.4 mM) was added to induce
protein expression and the culture was grown for additional 16 hours at 16 °C.
Cells were harvested by centrifugation for 10 min at 5@@@at 4 °C. The cell
pellet was frozen and thawed before the cells were lysed by sonicati@nnm 4

of lysis buffer (50 mM NakPO, S+ ME, 20 mM imidazole, 0.2

mM PMSF). The cell extract was centrifuged at 18,08 for 30 min. All the
purification steps described belavere performed at 4 °C. The supernatant was
filtered and loaded onto 1 ml of RiNTA resin (GE healthcare) that had been
pre-packed into a column. The flethrough was collected and passed through
the column again. The column was washed with 50 ml of wgdbuffer (lysis
buffer supplemented with 50 mM imidazole). The proteins were eluted by using
the elution buffer (lysis buffer supplemented with 300 mM imidazole). After
SDSPAGE gel analysis, fractions with purity higher than 95% were pooled
together andlesalted by using either a PID desalting column (GHealthcare)

or gel filtration column Superdex 200 (Gfealthcare) with the AKTA FPLC
system. The desalting buffer for PID and gel filtration iS50 mM TrisHCI

(pH 8.0), 100 mM NacCl, 5% glycerol, arddmM DTT. The molecular weight

of the proteins was estimated based on the standard curve generasdgoy
the standard proteins that included ferritin (440 kDa), aldolase (158 kDa),

conalbumin (75 kDa), ovalbumin (44 kDa) and blue dextran (for void v@lum
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determination).The brightyellow looking proteins were concentrated using
Amicon concentrator (Millipore) and were stored @0 °C after the

measurement of protein concentration by Bradford assay.

2.2.3 Steadystate enzymatic activity assay

The substate cdi-GMP used for kinetic measurement was produced
enzymatically by using an engered thermophilic DGC proteif96). The
product $pGpG was monitored by using the Agilent LC1200 HPLC system
(Mobile phase: 20 mM Triethylammonium bicarbonate (pH 7.0), 9% Methanol,
1 ml/min) with an XDBC18 column (4.6x150 mm) and confirmed by MALDI
mass spectrometry with a molecular weight of 709.108 (ki M.W.
709.11). The enzymatic reaction was performed by incubating the enzyme and
c-di-GMP at 23°C in 100 mM TrisClI (pH 8.0), 50 mM KCl and 10 mM Mggl
The reaction was stopped by adding 1/20 reaction volume of 1 M, @aGl
then boiled at 95C for 5 min. Following centrifugation at 14,009m for 5
min to remove protein aggregate, the supernatant was filtered and loaded onto
the HPLC.Initial velocity at a certain substrate concentration was obtained
from a series of reactions with varying incubatitime. The total turnover was
kept to ensure the accurate measurement of initial velocities within the linear
range. Initial velocity was measured atl® substrate concentrations. The
turnover numberkg,) and theMichaelisMenten constanti(,) were oltained

by fitting the initial velocities at various substrate concentrations to the
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MichaelisMenten equation wh the exception of the proteithat exhibis
substrate inhibition using the software Prism (Graphgaa)wild type PA2567,
kinetic data werdit using MichaelisMenten equationHowever, for the mutant
that exhibits substrate inhibition, the kinetic data were fit usimgodel that
assumes the substrate binds to the enzyme at a productive angracdactive

(or inhibitory) binding site$cheme 2.1

The curves were obtained by fitting the kinetic data toZEfderived from
the above model with steadyate and rapid equilibrium assumptions. In the
equationKi LV WKH LQKLELWLRQ FRQVWDQW KRQG DUH W
Ki and Vmax change when the second substrate is bound at th@rodaoctive

site.

2.2.4Bioinformatic analysis and structural modeling
The sequence alignments were conducted by the ClustalW and Espript

Server. http://align.genome.jp/ http://espript.ibcp.fr/ESPript/ESPript/ The

structural model of the EAL domain was constructed with the aomiebs of the
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TdEAL structure PDB code:2R60 as the template ilswissModel Server

(116)

2.3 Results

2.3.1Purification and characterization of PA2567

The ful-length PA2567 with @ N-terminal (His)-tag was purified by
Ni?*-NTA-sepharose chromatogtay from the soluble extract ofE.coli
BL21(DE3) harboring pER6-PA2567 plasmid. Immediately after elution, the
protein was applied to a gBltration column to remove imidazaldhe protein
was eluted with a predicted mass aroud@ BDa indicating a dimeric protein
(Figure. 2.2B). The typcal yield of the purified PA2567 was ~hdg per liter
cell culture. SDSPAGE showed that the protein is ~95% homogeneous and the
molecular mass is in agreement with that predict from the sequence (66kDa
including the (Hisgtag atFigure. 2.2A). The purified PA2567 was stored at
-80 °C and found to beatalytically activefor several months.

The enzymatic activity was assayed by incubating the enzyme with
c-di-GMP and M§*. Product analysis was carried out by the Revphsesed
HPLC system equipped with an XBB18 column. The retention time of
UHDFWLRQ SURGXFW RQ WKH +3/& FR®BEPE ZDV
generated from thlydrolysis of edi-GMP by RocR(99) (Figure 2.3A). The
L G HQW kp@pPGRvBs flirther confirmed by MALDI mass spectrometry with

a molecular weight of 709.108 (calculated M.W. 709.1Higyre 2.3B)
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Figure 2.2 SDSPAGE and gel filtration characterization of PA25dA)
SDSPAGE analysis of the purified PA2567. Lane 1: protein ladder. Lane 2:
PA2567. (B) Gel filtration chromatogram of PA2567. Proteins were loaded and
separated using 50 mM T+#4Cl (pH 8.0), 100 mM NaCl, 5% glycerol and 1
mM DTT.

2.3.2 Sitedirected mutagenesis study

The EAL domain of PA2567 was found to be catalytically active, wkf:a
of 0.39 + 0.08*(Table 22). Mutation of the residue GItf (corresponding to
Glu*?in RocR) to GIn reduceki., to an undetectable level, consistent with the
observation for RocR and supporting the critical role oftin catalysis(94).

The conserved loop 6 that contains a DFG(T/A)GYSS motif was found in
most characterized EAL domains with enzymatic actiyit98). Previously, it
was shown that the mutation in the highly conserved residu&®@uRocR
that stabilizes loop 6 significantly alter the catalytic properties of RocR.
Mutations of two residues on loop 6, PHeand Sei®? affects the oligomeric
state of the protein, indicating that loop 6 is also crucial for maintaining the

guaternary structure of RodR2).
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Figure 2.3 C-di-GMP hydrolysis by PA2567(A) HPLC trace showig the
c-di-GMP hydrolysis by PA2567 (solid line) and RocR (dashed line). (B) Th
MALDI -MS result of product fpGpG

Surprisingly, the single mutations of PBffeand Sef®® in PA2567, which
are equivalents of PA¥ and Sei®? in RocR, caused the protein to form
inclusion bodies during protein expression. Meanwhile, the mutation 8#Glu
the equivalent of GRf® in RocR, caused strong substrate inhibition at high
substrate concentration, with an inhibition constar@@# +12.0uM (Figure

2.4 and Table 22). The mutation E464A did not perturb the oligomeric state of
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the dimeric PA2567 according to size exclusion chromatogrdfigure 2.2B).

The results of PA256provided furthersupportfor the conclusion from RocR
study that the loop 6 plays critical roles in stabilizing the overall protein
structure and participating in catalysis, probably through mediating substrate

binding.

Table 2.2 Steadystate kinetic parameters for PA2567 and its mutants

PA2567 Keat Kw KeadKn Ki
enzyme (sh (uM) (sTuM™ (uM)
WT 06?331 52+13 (7.5+2.0)x 18
E548Q mutant ND ND ND

E464Amutant 1.1+05 130250 (84+50)x18 304%120

S493A mutant ND ND ND
F498A mutant ND ND ND

& Conditions for PA2567 and itsutant were 100 mM THEI (pHS8.0) (23°C),

50 mM KCI, and 10 mM MgGl

PND, not determined due to inactivity caused by protein instability or extremely
low activity (<10-fold less active than wiltype PA2567).

2.4 Discussion

2.4.1 PA2567 supports th@roposedEAL domain catalytic mechanism
In previous study of RocR, s#girected mutagenesis was conducted on 14
highly conserved polar residues and 7 of them led to afelddecrease in the

turnover number. 4 of these 7 residues were found todigpensable for Mg
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coordination Figure 2.5A). A onemetalion catalytic mechanism was
proposed in RocR by our lab. The &fuwas hypothesized to be a general base
catalyst (99). However, recent observatiosf two Mg ions in the crystal
structure of TAEAL and BIrP1 raised the possibility of a-twetatlion catalytic
mechanism with the Gftf coordinated by a second Kfgon (5) (Figure 2.5B).

In RocR, TdEAL and BIrP1, mutation of thiSlu renderedall of the three
proteirs completely inactive, confirming the critical role of the residue in
catalysis. Since th Glu residue plays essential reia@ both the one metal and
two metal mechanismghe release of the EAL domain crystal structure of

RocR and PA2567 in future mighelp us solve the controversial problem.

Figure 2.4 Effect of the E464A mutation on the steastgte kinetics of PA2567.
The curves were generated by fitting the kinetic data of the-typld and
mutant enzyme to theMichaelisMenten equation and equatior?.l,
respectively.

40



Study of various E Dg barrel fold enzymes suggested that a functional
loop (loop 6) seems to be preserved during evolution HD{ barrel fold
protiens (121) The results of previous studies on RocR protein suggest an
equally important role for loop 6 in the hydrolysis efliecGMP for the (£ Ds
barrel fold EAL domainsThe single mutations in the loop 6 region exerted
profound impact on the structure and enzymatic activity of RocR. The mutation
of the loop residue PA¥ and the loogstablizing GI3®® caused the formation of
high molecular weight oligomer (HMWQ3nd sigiificantly changed bottk.4
andKy. The change imligomeric state is likely to be a result of disruption of
thedimer interface, as inferred from the observation that looddt&ed at the
dimer interface in the crystal structure TdEAL and EALy,. The observed
antiparallel looploop interaction between the residues from loop 6 may
stabilize thedimeric structurd84). It is conceivable that the mutation ®fu®®
or the residues on the loop may disrupt the Jmmp interaction and result in
the dissociation of the dimer and tfeemation of HMWO.On the other hand,
the mutation of Asp® and Set”? two residues fromloop 6 in RocR, led to
significant changes in catalytic parameters without altering the oligomeric
structure(97) (Figure 2.6). These data indicate that the po6 plays a critical
structural role in maintaining the quaternary structure of the protein.

Similar results were obtained with the GGDERL didomaincontaining
protein PA2567 in our study. Although the mutation E464A (E268A in RocR)

did not totally abolish the PDE activity of PA2567 and kkgis only twofold
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less than that of the wild typeARP567, the mutant exhibits substrate inhibition
at high edi-GMP level and an increasé&d, in contrast to the wild type PA2567.
The observed substrate inhibitiand greateKy, indicated that the perturbation
of the loop could lead to the alteration of thieding affinity for cdi-GMP. The
single mutations of PA® and Sef®® residus located on loop 6 in PA2567,
which are equivalents of Pf{éand Set’?in RocR caused the protein to form
inclusion bodies during protein expression. The formation of snmiubody
indicates that protein stability has been altered. Together, the musatiotne
residues orloop 6 once again confirm the catalytic and structural roleseglay
by the loop. V& proposed that loop 6 is cruciabtnonly for stabilizing the
dimer interfaceto stabilize the quarternary structure of RocR and PA2&&7
also for the binding of M ions and edi-GMP. The conformational change in
loop 6 caused by mutation or regulatory signal will impact catalysis in one of
the following ways First, the conformationalhange in the loop can affect the
dimerization of the proteinwhich would result in a change of oligomeric
structure and eveprotein stability. Second, binding of-di-GMP can be
affectedas a result of the alternation of the intéi@t between @i-GMP and
the loop. Mutations that affect the interactions betweep 6 and substrate
could impede the ability of loop 6 tondergo conformational change for
effective substrate bindingould affect catalysis. Third, change in the loop
conformationcan severely hamper catalysis by dislocating the essenti&l Mg

ion-binding residue. Given the sensitivity of the catalytic actitotyhe loop
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conformation and the position of the ®éindingresidue, we postulate that
some EAL domains coulbde regulatethrough controlling the conformation of

loop 6.

Figure 2.5 Detailed views of EAL domain catalytic active siteéke residue
numbes for the protein RocR and BIrP1 are shown, with the corresponding
residue numbers for EAdose7in parentheses. (A) The omeetation catalytic
mechanism proposed in RocR. The four residues that coordinaté dviy
colored in blue. The two residues that we also mutate in PA2&&0lored in

red, including the general base catalyst. (B)Awetation catalytic mechanism
proposed in BIrP15). The manganese ions (violet) are coordinated by several
carboxylicacid residues including Gt?.

Unlike the EAL domairproteinRocR, which is adjacent to the regulatory
REC domain, there is a degenerate GGDEF domain between the putative
regulatory domain ahEAL domain in PA2567. Due tine lack of residues for
GTP binding, thislGGDEFdomain is unlikely to function as the one in CC3396
for allosteric control of PDE activity20). We have experimentally confirmed
that the GGDEF domain does not bind GTP (data not shown). The function of
the degenerate GGDEF domain in PA2567 and many other G{HAEF

protans remain mysterious.
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Figure 2.6 Structural model of EAkocr With the residue of loop 6 and aéff
highlighted, along with the corresponding residue numbers forpkAd;z in
parentheses. The hydrogen bonds formed betweefi®@hd the loop residues
Gly**® and Set’ are presented by the broken lines. The“Mgn is shown as
the ball.

2.4.3 Qassification of EAL domains

Based on the hypothesized catalytic mechanism for RocR and PA2567, we
attempte to rationalize the lack ofnzymatic activity for some of the
characterized EAL domain proteingd/e first examined the sequences of 24
EAL domains with catalyti@ctivity characterizedy eitherin vivo or in vitro
assays. These domains are grouped into catalytically active and inactive EAL
domains based on the conservation ofical catalytic residues antbop 6
(Figure 2.7A). The lack of the enzymatic activity for 12 inactive EAL domains
can be easily explaindaly the absence of one or more catalytic residues. For
example, FimX is catalytaly inactive because it lacks three residues for

coordinating the Mg ion.
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By examining the proteisequencgof the 5,862 EAL domainencoded by
the bacterial genomes, wierther categorize the EAL domains in the database
into three classes. The class 1 EAL domains possess conserved catalytic
residues and a conserved loop 6 and function as activeAR¥Eigure 2.7A,
B). It is revealed that 4,809 of the 5,862 EAL domatnstain the catalytic
residues that include the general base catalyst and four residues ¥6r Mg
coordination. Among the4,809 EAL domains, 2,895 of them contain a
conserved loop OFG(A/SIT)(G/A)(YIF)(SIAIT)(SIAIGIVIT)] and 1,914 of
them contaira degenerate loop @(gure 2.7B). The2,895 EAL domains are
likely to be catalytically active PD&omainsthat belongto Class 1, whereas
the 1,914 EAL domains with degenerate loop 6 are categoriaedlass 2 EAL
domains, as exemplified by the Ykul aARDGC2. The EAL domains ofkul
and AXDGC2 were found to be catalytically inactitevard e¢di-GMP by in
vitro enzymatic assa84, 95) However, it remains to be seen whether the EAL
domain can béactivated" by the putative regulatory domains in Ykul and
AXDGC2. Thus, Class 2 EAL domains contaonserved catalytic residues and
a degenerated loop 6. In addition to the 4,809 EAL domains, 1,053 EAL
domains were found to lack one or more of the essential catastiluesand
are catergorized a€lass 3(Figure 2.7B). Among the 1,053 EAL domains
belonged to Class,3he majorityof them (990) contain degeneratéoop 6
(Figure 2.7A, B). The lack of enzymatic activity for Class 3 proteiiss

supported by previous characterization of inacid. domains as well as
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three recently reported on&ar instance, lite EAL domain of the protein LapD
from P. fluorescendf0-1 contains a highly degenerate loop 6 and lacks
essential residue for M{binding. It was proposed theapD functions as a
c-di-GMP-binding receptor rather thanPdDE domain(88). Similar to LapD,

the GGDEFEAL didomain protein FimX fronP. aeruginosais also found to
bind ¢di-GMP via its EAL domain instead of hydrolyzing it due to the altered
loop 6 and the absence of several essential residues including two for Mg
binding and the general base catal&). Moreover, theE. coli protein YcgF
contains an EAL domainthat was initially assumed to be a
c-di-GMP-hydrolyzing domainHowever, the EAL domain contains a Met
residue at the positiaf the general base catalyst and a highly degenerate loop
6. Recent studies showed that tB&L domain does naxhibit PDE activity

but participates in proteiprotein interactioginstead(138).
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Figure 2.7 Summary of EAL domains. (Afequence alignment of the EAL
domains with characterized catalytic activity. The numbering of the residue is
based on the RocR sequence, and the secondary structure is based on the
structure of TAEAL (PDB code: 2R60). The inactive EAL domains are shown

in the black boxes. The residues we mutated are indicated by black and red
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(essential residues) asterisks. The loop 6 is underlibd. EAL domains
shown are from the following proteins: PA2567, BifA, and FimX from
Pseudomonaseruginosa(indicated by the Pauffix after the hyphen and
protein) (55, 66, 109) TAEAL from Thiobacillus denitrificans(TdEAL-Td);
VieA from Vibrio cholera (VieA-Vc) (129) CC3396 from Crescentus
caulobacter{CC3396Cc) (20); YcgF, YahA, Dos, YciR, €D, and YegE from
Escherichiacoli (indicated by the Ec suffix after the hyphen and protélg)
115, 125, 138, 146)BphG from Rhodobacter sphaeroidé8phG-Rs) (131),
PdeAl, DGC1, DGC2, and DGC3 frofitetobacteixylinum (indicated by the
Ax suffix after the hyphen and proteifd4, 95, 126) HmsP fromYersinia
pestis (HmspYp) (9); GcpC from Salmonella enterica(GepGSe) (36);
STM1344 and STM337%rom SalmonellaTyphimurium(indicated by the St
suffix after the hyphen and proteifl17) and LapD fromPseudomonas
fluoresces PfG1 (LapD-Pf) (88). The sequeres were aligned using MultAlin
(http://bioinfo.genopoldoulouse.prd.fr/multalin/mutalin.htfyl and the figure
was generated using ESPript 2.2. (B) Pie chart summary of the ickssif of
the 5,862 EAL domains from bacterial genomes according to the conservation
of catalytic residues and loop 6.

2.5Summary

EAL domainbased cyclic dGMP (cdi-GMP)-specific phosphodiesterases
play important roles in bacteria by regulating ttedlularconcentration of the
dinucleotide messengerdi-GMP. To elucidate the catalytic mechanism of
EAL domain proteinsthe P. aeruginosaprotein PA2567with an N-terminal
GAF domain and the GGDEEAL didomain was cloned, expressed and
purified to honogeneity. Enzymatic assays revealed that PA2567 contains a
catalytically competent EAL domain but an inactive GGDEF domain.
Site-directed mutagenesis in combination with kinetic studies suggested that the
EAL domairs hydrolyze the phosphodiester bond @fli-GMP usng a one

metalion assisted mechanismin addition to the five essential residues
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involved in Md* binding, the essential residue &fft(in PA2567) or GI&*? (in
RocR) could function as a general base catalyst assisting the deprotonation of
Mg?*-coordinated water to generate the nucleophilic hydroxide ion in the
onemetal mechanisnor coordinate a second Mgaccording tathe twemetal
mechanisnproposed by Barends TR and colleagWée also proposed that the
conserved loop 6 in EAL domain nohlg mediates the dimerization difie

EAL domainto stabilize the quarternary structure of R@Rl PA256but also
controls edi-GMP and Mg" ion binding. Together with the previous kinetic
study of RocR, these results are supportive oMigé" or Mn®* ion dependent
catalytic mechanism proposed for EAL domailmsportantly, based on the
sequence analysis of the 5,862 EAL domains inbdwterial genomes, EAL
domainscan be categorizethto three classeswWe hope that thé&nctional
classification of EALdomains described here can provide sasmstance in

elucidating the evolution and biological functiaighe versatile EAL domains
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CHAPTER 3 REGULATION OF C-DI-GMP SYNTHESIS IN AXDGC2

3.1 Introduction

The cyclic dinucleotide -di-GMP has emerged as a major signaling
messenger in bacteria for regulating a variety of cellular functions and
behaviors(50, 105) The cellular concentration ofdi-GMP is mantained by
the proteins that contain GGDEF, EAL or HRYP domain(114) The GGDEF
domains named after the conserved GGDEF motif functerdiguanylate
cyclases (DGC) for di-GMP synthesis, whereas the EAL domains and
HD-GYP domains characterized by the signature EAL or HD/GYP motifs
function as phosphodiesterases (PDE) fai-GMP hydrolysis(50, 106, 118)
Many GGDEF, EAL and HBGYP domains are associated with putative sensor
domains for perceiving various environmental signg84-35). The
characterization of the sensor domains and associated signals represents one of
the majorchallenges towards understandingi€sMP signaling. Considering
that c¢di-GMP controls such phenotypes as virulence expression and biofilm
formation, the identification of the signals that regulate the celluthrGMP
level may also be crucial for undganding hospathogen interaction and
bacterial pathogenicity.

A large number of the putative sensor domains associated with GGDEF,
EAL and HDGYP domains are the ubiquitous Pent-Sim (PAS) domains

found in all kingdoms of lif§49, 132) PAS domains are best known as sensor
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domains for perceiving changes in oxygen conegioin, light intensity, voltage
and redox potentia{38, 132) Several hemeontaining PA domains sense
gaseous ligands including,OCO and NO have been characterized in details
(38, 132, 139, 144) For example, the hemnwmdntaining PAS domains of
AXPDEA1 andEcDOS regulate the activityf the EAL domain by reversible
binding to Q (14, 130) The structural change in the PAS domain inducedty O
binding can be transmitted to modulate the catalytic activity of the output
domain.

In addition to hemdinding PAS domains, two classes of flabimding
PAS domains have beender intensive investigation in recent years. The first
class, as represented by the BLUF and LOV photoreceptors, uses the flavin
cofactor as chromophore for sensing blue ligBt 5, 22, 41, 85) The
isoalloxazine moiety of the flavin responds to photon activation by triggering
structural change in the protein scaffold. The molecular mechanisms for the
light-driven structural changearies among the PAS domains, ranging from
reversible formation of covalent adduct between the flavin and a cysteine in
LOV domains to reorganization of the hydrogmmnd network in BLUF
domains(22, 41) The second class of flavbinding PAS domains perceives
the change of oxygen tension or redox status in the surroundings, as
exemplified by the PAS domains @&zotobactervinelandii and Klebsiella
pneumoniaNifL, E. coli Aer and putativelyM. capsulatusMmosS (6, 52, 142)

Biochemical and structural studies on Aer and NifL have suggested that the
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change of the oxidation state of FAD would induce structural changes in the
PAS domain and output domaifb2, 100, 119, 141) It has also been
demonstrated that the FAD cofactor IGpNifL can exchange electron with
menaquinone ifK. pneumoniasuggesting that the menaquinone pool could be
the physiological sigrigerceived by the PAS domain IGpNifL (135) Since

the reduced FADFHIstate can be rapidly oxidized by,@he PAQerand PARn
domains were also suggested to function as indirect oxygen sensors. The
observation of a putative oxygen channel in the crystal structure gfi{PA&Ss
provided further support faxygensensing62).

AXDGC2 is one of the proteins that regulate cellulose synthesis in the
obligate aerobé\. xylinum(126). Although AXDGC2 shares similar domain
organization with two previously characterized heomading proteins
AXPDEAL andecDOS (14, 42)(Figure 3.1), wefoundthat the PAS domain of
AXDGC2 binds FAD as cofactor instead, ghdt the redox state of the flavin
regulates the catalytic activity of the adjacent GGDEF domain for synthesizing
c-di-GMP. Mutagenesis studies and kinetic measurement were carried out to
probe the roles of several residues in cofactor binding and grgmaduction.

The results provided direct evidence for the role of the flagimaining PAS
domain as redox/oxygen sensor. Together with the observed regulation of
AXPDEAL by Q (14), the results also underscore the regutatid cdi-GMP
concentration and cellulose synthesis by using both heme anddtaviaining

PAS domains for @response in the obligate aerobexylinum.

52



Figure 3.1 Comparison of the domain organization of the three PAS
domainxontaining proteins in-di-GMP signaling AXDGC2, AXPDEA1 from
Acetobactexylinum; EcDOS fromEscherichiacoli).

3.2Methods and Materials

3.2.1 Gene cloning and siteirected mutagenesis

The gene encodingxDGC2 fromA. xylinumwas obtained from Genscript
(NJ, USA) and was ligated into the p2®(b+) vector (Novagen) between the
Ndel and Xhol restriction sites. The resulted plasmid was used as a template for
PCR amplification of thésolated EAL domainAXDGC2s06574). The Expanded
High-Fidelity Kit (Roche) was used for PCR and the amplified DNA fragments
were also cloned into the pEb(b+) vector via the Ndel and Xhol restriction
sites as well. Sitelirected mutagenesis was carr@d using the Quick Change
PXWDJHQHVLY NLW 6WUDWDJHQH IROORZLQJ PDQXIDF
sequences of the cloned and mutated genes were determined by the complete
nucleotide sequencingXBase). All the primers used for PCR and mutagisne

are listed inTable 3.1
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Table 3.1Primers used idxDGC2cloning and sitalirected mutagenesis

Primer Relevant sequence

AXDGC235574~0rward I1833&$7$7*&*&PST7&T7T*&*T7T*$$&T
AXDGC23p5574REVErSE JAAACTCGAGCAGGGTAACGG v

N94A Forward TCGCGGCAACATCTGTGCCCGTGCGAAAGATGGTAG 1
N94A Reverse JTCTACCATCTTTCGCACGGGCACAGATGTTGCCGCG 1
D217A Forward JICTGACCCATCCGGATGCGCCGGTGAGCCGTCTG
D217A Reverse ICAGACGGCTCACCGGCGCATCCGGATGGGTCAG Y
H62A Forward ICTGGTTGGCAGCACCGCCCGCATTGTGAATAGCGG
H62A Reverse CCGCTATTCACAATGCGGGCGGTGCTGCCAACCAG v
N66A Forward GCACCCACCGCATTGTGGCTAGCGGCTATCATGATG v
N66A Reverse CATCATGATAGCCGCTAGCCACAATGCGGTGGGTGE 1
R125A Forward CGGCTATGTGGCGAGCGCCTTTGAAATACCGAACT- 1
R125A Reverse TGTTCGGTAATTTCAAAGGCGCTCGCCACATAGCCGEG 1

3.2.2 Protein expression and purification

The plasmids harboring the genes were transformed Entooli strain
BL21(DE3) (Novagen). The cells were grown in LuBartani (LB) media at
37 °C with vigorous shaking (22€pm) until the ODRQonmreached 0.9.8.
Isopropyt -D-thiogalactopyranoside (IPTG, 0.5 mM) was added to induce
protein expression and the culture was grédamadditional 16 hours at 16 °C.
Cells were harvested by centrifugation for 10 min at 5@@@at 4 °C. The cell
pellet was frozen and thawed before the cells were lysed by sonicatiOnmh 4
of lysis buffer (50 mM NakPQy, pH 7.0 (pH 8.5 foAXDGC206574), 300 mM
NaCl (200 mM forAXDGC2;06574 P O-ME, 20 mM imidazole). The cell
extract was centrifuged at 18,000m for 30 min. All the purification steps
described below were performed at 4 °C. The supernatant was filtered and
loaded onto 1 iof Ni**-NTA resin (GE healthcare) that had been-paeked
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into a column. The flowthrough was collected and passed through the column
again. The column was washed with 50 ml of washing buffer (lysis buffer
supplemented with 50 mM imidazole). The proteins wedtded by using the
elution buffer (lysis buffer supplemented with 500 mM imidazole). After
SDSPAGE gel analysis, fractions with purity higher than 95% were pooled
together and desalted by using either al®desalting column (GHealthcare)

or gel filtration columnSuperdex 200 (GiHealthcare) with the AKTA FPLC
system. The desalting buffer for PID and gel filtration i50 mM NaPi (pH
8.0), 50 mM KCI, 1 mM DTT. The molecular weight of the proteimas
estimated based on the standard curve generatadity the standard proteins
that included ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa),
ovalbumin (44 kDa) and blue dextran (for void volume determinatidhg
brightyellow looking proteins were concentrated using Amicon concentrator
(Millipore) and were stored aB0 °C after the measurement of protein

concentration by Bradford assay.

3.2.3Characterization of the protein-associated flavin and edi-GMP

UV-Vis spectrum was taken using the 1850PC spectrophotometer
(Shimadzu) equipped Wi thermostat and quartz cuvette. For HPLC analysis,
AXDGC2 and the isolated EAL domaAxDGC2ps574Was denatured by 1%
TFA and the protein precipitate was removed by centrifugation at 14p000

for 20 min. The supernatant was loaded onto the Agilerit200 HPLC system
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equipped with an XDBC18 column (4.6 x 150 mm). The mobile phase for
analysis of cofactor bound BADGC?2 was a gradient from 100%®l + 0.045%
TFA to 100% acetonitrile + 0.045% TFA in 100 min with a flow rate of 1
PO PLQ 0 ) OADDBt@M@arys were also applied to the column in
the same condition. -@i-GMP bound by both th&xDGC2 and its truncated
construct were analyzed by mobile phase (20 mM Triethylammonium
bicarbonate (pH 7.0), 9% Methanol), with igocraticflow rate of 1 ml/min in

the same fashion by HPLC.

3.2.4Enzymatic assay of DGC activity

The progress of-di-GMP synthesis catalyzed by the diguanylate cyclase
domain ofAXDGC2 was monitored by using the Agilent LC1200 HPLC system
(Mobile phase: 20 mMTriethylammonium bicarbonate (pH 7.0), 9% Methanol,
1 ml/min) with an XDBC18 column (4.6x150 mm). The enzymatic reaction
was performed by incubating the enzyme and GTP €28 100 mM TrisCl
(pH 8.0), 50 mM KCI and 10 mM Mgl The reaction was stopghéoy adding
1/20 reaction volume of 0.5 M EDTA and then boiled at°@5for 5 min.
Following centrifugation at 14,00pm for 5 min to remove protein aggregate,
the supernatant was filtered and loaded onto the HPA@aerobiosis was
established in a Coynaerobic chamber with the anaerobic buffer flushed with
nitrogen for 0.5~1 hr. The reduced foAxDGC2 was generated via adding 2

mM sodium dithionite to the protein solution under anaerobic condition. The
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redox reaction was monitored spectroscopically toedfully reduced sample

was mixed with an equal volume of oxygen saturated buffer and exposed to air
to re-oxidize the protein. The xanthine oxidase system was also used to reduce
the AXDGC2 for comparison. The oxidized and reduc&RDGC2 were
incubatedwith various concentrations of GTP and the initial velocities were
obtained from a series of reactions with different incubation time. The total
turnover was controlled to ensure the accurate measurement of initial velocities
within the linear range. Theneymatic assay for th@xDGC2.3pswas the same

as the fulllength proteinThe turnover numbek{,) and the Michdes-Menten
constant Ky) were obtained by fitting the initial velocities at various substrate
concentrations to the Michaeldenten equation with the exception of the
proteins that exhibit substrate inhibition using the software Prism (Graphpad).
The kinetic data for these proteins were fit using a model that assumes the
substrate binds to the enzyme at a productive and apmooluctive (or
inhibitory) binding site $cheme3.1). For Reduced formrAxDGC2, knetic data

were fit using Michaks-Menten equation instead of substrate inhibition

equation.

The curves were obtained by fitting the kinetic dat&do3.1 derived from

the above model with steadyate and rapid equilibrium assumptions. In the
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equationKi LV WKH LQKLELWLRQ FRQVWDQW KRQG
Ki and Vmax change when the second substrate is bound at th@rodoctive

site.

3.2.5Enzymatic assay of PDE activity

C-di-GMP was synthesized using the thermophilic DGC enzyme described
previously (96). The reaction condition for phosphodiesterase assay was 100
mM Tris-Cl (pH 8.0), 25 mM KCI and 10 mM Mgglor MnCl. The buffer
used for the five nophysiological substrates:
Thymidine5-monophosphate-nitrophenyl ester sodium salt
(thymidinep-NPP), Q(4-Nitrophenylphosphoryl) choline, Big-nitrophenyl)
phosphate sodium salt (BsNPP), 4Nitrophenyl phosphate disodium salt
hexahydrate and phospho (enol) pyruvic acid monopotassium salt) was 50 mM
Tris-Cl (pH 8.0) with 25 mM MgGl. The reaction was monitored
spectroscopically and the OD reading at 410 nm was recofeedboth
thymidinepNPP andbis-p-NPP, the measurement dfet steadhystate kinetic
parameters was carried out by monitoring the OD reading at 410 nm by a
UV-spectroscope. The kinetic parameters were obtained by fitting the initial
velocities at various substrate concentrations to Michaédisten equation

using tle software Prism (GraphPad).
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1 -dAMP was used as another nphysiological substrate for the PDE
DFWLYLW\ 7KH SURRXdaWioRtQredRlby uBing the Agilent
LC1200 HPLC system (Mobile phase: 20 mM Triethylammonium bicarbonate
(pH 7.0), 9% Meéhanol, 1 ml/min) with an XDBC18 column (4.6x150 mm).
The enzymatic reaction was performed by incubating the enzyme and

1 -§AMP at 23°C in 100 mM TrisCl (pH 8.0), 50 mM KCI and 10 mM
MgCl,. The reaction was stopped by adding 1/20 reaction volume oi0.5
EDTA and then boiled at 9%C for 5 min. Following centrifugation at 14,000
rom for 5 min to remove protein aggregate, the supernatant was filtered and
loaded onto the HPLC. The kinetic parameters were obtained by fitting the
initial velocities at varias substrate concentrations to Michaélienten

eqguation using the software Prism (GraphPad).

3.2.6Measurement of FAD D protein binding stoichiometry

The protein concentration was measured by Bradford method, whereas the
content of the FAD was measdriollowing the release of the cofactor from the
protein by acid denaturation and the concentration determined by using a molar
extinction coefficient of free FAD at 450 nm of 11.3 ném* and AXDGC?2 at
280 nm of 44.1 mMcm™. The concentration of th&OH-FAD was determined
by using an extinction coefficient of 22.6 rifiem™ at 427 nm(87). The FAD:

protein stoichiometry was obtained from the FAD to protein ratio.
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3.2.7Determination of the redox potential of flavin in AxDGC2

The redox potentials AAxDGC2 and its mutants were determined with the
established method described by Uchesthalrecently(141) Briefly, a 200 pl
solution of 510 uM AXDGC2 in 50 mM TrisCl pH 8.0 was incubated
anaerobically with 5 pM phenosafranin as the redox indicator at room
temperature. A stock solution of 30 mM sodium dithionite was added in 1 pl
aliquots inside the anaerobic chamber. The concentrations of oxidized and
reducedAXDGC2bound FAD and phenosafranin were measured after each
dithionite addition by monitoring the absorbance of FAD at 450 nm (H62A at
425 nm) and phenosafranin at 522 nm using the/is\épectrophotometer. The
redox potential was determined byting log (Ox/Red) phenosafranin versus

log (Ox/Red)AXDGC2.

3.2.8Sequence agnment and Structural modeling

The sequence alignments were conducted by the ClustalW and Espript

Server. |http://align.genome.jp/ http://espript.ibcp.fr/ESPript/ESPri+lt/ The

structural model of the PASccz domain was constructed using the
SwissModel Server(4). The crystal structure of PAS domain of MmoS

(PDB code 3EWK) was used as a templdtiet2)
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3.3 Results

3.3.1Purification and characterization of AXDGC2

About 2030% of the recombinanAaxDGC2 was expressed as soluble
protein and purified by metal affinity and siegclusion chromatography.he
typical yield of purified ADGC2 was ~1 mg/L cell culture. SEFAGE
revealed the protein to be ~95% homogeneous with a molecular mass in
agreement with that predicted from the sequence (65 kDa including the
(His)s-tag atFigure. 3.2A). The protein wasound in two major factions after
eluted from the gdliltration column, with a yellow dimeric fraction and a
colorless highmolecularweight oligomeric (HMWO) fraction in the void
volume (Figure. 3.2B). Purified AXDGC2 was stored aB0°C and was stable

for several months.

Figure 3.2 SDSPAGE and gel filtration analysis @iurified AXDGC?2 protein.

(A) The SDSPAGE of AXDGC2. Lanel: protein ladder. Lane 2&DGC2. (B)
The gel filtration of AXDGC2 on Superdex 200. Proteins were loaded and
separated using 50 mM T+@ (pH 8.0), 50 mM NaCl and 1 mM DTT.
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3.3.2AxDGC2 binds FAD cofactor in the PAS domain

The absorption spectrum of the dimeric fractiolPAaDGC2 suggested that
the protein bindsan oxidized flavin (FAD or FMN) cofactor, with the
characteristic absorbance of 375, 450 and 470 nm for fl@wiing proteins
(Figure 3.3, Table 3.2. The flavin cofactor was dissociated from the protein
after heat or trifluoroacetic acid (TFA) treatmesiiggesting that the cofactor is
nortcovalently bound by the protein. The cofactor was confirmed to be FAD by
comparison with the standard by HPLEigure 3.3, Inse} as well as
MALDI -MS analysis (M.W. 787.1)XFigure 3.4. The colorless HMWO
fraction did not exhibit enzymatic activity, and thus, only the dimerictgiro
was further investigated’he FAD to protein stoichiometry for the dimeric form
was measured to be 0.41 + 0.1, indicating relatively weak affinity of the PAS
domain for the cofactor. A fewesidues for flavin binding were predicted by
sequence comparison with other flaimding PAS domaindVe mutated a
highly conserved residue (A¥hthat putatively interacts with the isoalloxazine
ring of FAD. The mutant N94A was purified as a FABe protein with a

colorless appearance, confirming that the FAD is bound by the PAS domain.
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Table 3.2Maxima of absorption spectra of riboflavimntaining PAS proteins.

Protein Cofactor Wavelength (nm)
AXDGC2 FAD 375, 451, 480
AWIfL FAD 358, 372446, 470
Aer FAD 375, 450, 470
MmMOS (pasa) FAD 376, 444, 470
BLUF_ApPPA (i state) FAD 367, 384, 457, 48:
BLUF_ApPPA (dark state) 363, 378, 443, 47:
LOV (npH1) FMN 380, 430, 450, 47(

Note: AXDGC2 from A. xylium AWIfL from Azotobacter vinelandi(119)
Aer from E. coli(8); MmoS from Methylococcus capsulat(istl)
BLUF_Appa from Synechocystis spPCC6803 (80); LOV-NPH1 from
Arabidopsis thaliané2?2).

Figure 3.3 Absorption spectrum oAXDGC2. Inset: HPLC analysis of the
cofactor bound b AXDGC2. (DenaturedxDGC2 sample (black line), FAD
standard @d dash line), FMN standard (gresamsh line))
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Figure 3.4The MALDI-MS result ofFAD bound byAXDGC2

3.3.3Regqulation of the DGC activity by the oxidation state of FAD

Enzymatic assays revealed thAKDGC2 exhibited DGC activity by
converting GTP to -dli-GMP when incubated with GTP and fgln contast,
AXDGC2 did not degrade-di-GMP even after prolonged incubation of the
protein with edi-GMP and M§* or Mn**. Because some flavitontaining
PAS domains function as photoreceptors for perceiving blue light and
regulating the activity of output dorms, enzymatic assays were performed to
test whether the PAS domain 8xDGC2 functions as a photoreceptor, the
protein was illuminated for 2@5 min using a continuous light source and the
absorption spectrum was immediately taken. Unlike the BLUF and LOV
domainrcontaining proteins, the absorption spectrum ADGC2 did not

exhibit any noticeable change upon illumination. Moreover, enzymatic assays
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performed under the light and dark conditions showed that the ratei-@3 &P
synthesis was not altered, afht the EAL domain remained inactive under the
light conditions. The lightndependent catalytic activity #xDGC2 suggested
that the PAS domain is not involved in light sensing.

Further enzymatic assays were carried out to test whether the redax statu
of the FAD cofactor modulates the catalytic activity of GGDEF or EAL domain.
The FAD cofactor ilPAXDGC2 was readily reduced by sodium dithionite under
anaerobic conditions. The complete conversion of the oxidized FAD to the
reduced form was evident frothe changes in absorption spectrum, with the
disappearance of the characteristic 451 and 480 nm bands. The reduced
AXDGC2 underwent rapid oxidation upon exposure to the air as evidenced by
the recovery of the absorption spectrum for the oxidized FADufe 3.5).

Such reversible oxidatiereduction has been documented for the PAS domains
of Aer, NifL and MmoS(6, 52, 141)

To examine the catalytic activity of the oxidized and redueddGC2, the
reduced protein was prepared in an anaerobic chamber by incubating the
protein wih sodium dithionite; whereas the oxidiz&gDGC?2 was obtained by
exposing the reduced protein to air to ensure that the concentrations of the
reduced and oxidized enzyme remain identical. Neither the oxidized nor the
reduced AXDGC2 could degrade -di-GMP, suggesting the EAL domain
remains inactive regardless of the redox status of the flavin. In contrast, the

incubation of GTP, Mg with the enzyme revealed that the oxidiZedGC?2
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exhibited higher efficiency than the reduced protein in syntheszuigGMP

(Figure 3.6A). Steadystate kinetic measurements were subsequently carried

out to characterize the activity of the oxidized and redusddGC2. The

results showed that the oxidized form not only exhibited higher catalytic rate,

but also displayedoticeable substrate inhibitioninthe0 0 >*73@ UDQJH

(Figure 3.6B).

Figure 35 AXDGC2 reduced by sodium dithionite. The spectrum of reduced
AXDGC2 (green line) was recorded after incubation of the oxidfe®iGC2

(red solid line) with sodium dithionite. The spectrum of theoxwlized
AXDGC2 (red dash line) was recorded after mixing the reddc®d>C2 with

an equal volume of oxygenated buffer and exposing to air for 30 min.
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Figure 3.6 DGC activity of oxidzed and reducedxDGC2.(A) HPLC analysis
of product formation for oxidized and reducAdDGC2. Reaction conditions
are: 100 mM TrisCl (pH 8.0), 50 mM KCI, 10 mM MgG|10 uM GTP (B)
Initial rate measurement for the oxidized and reduoddiGC2. Reactioruffer
was 100 mM TrisCl (pH8.0), 50 mM KCI, 10 mM MgGl

Comparison of the kinetic parameters revealed dolfdBgreaterk.,; and an
inhibition constant ofK; of 52 + 27 puM for the oxidized fornfTable 3.3).
Measurement of the kinetic parameters for the oxidfeddiGC2 in oxygenated
or anaerobic buffer did not seem to affect the activity of the oxidized protein,
indicating that the difference in catalytic activity is not due to the presence of
O,. To furtherconfirm that the low catalytic activity for the reduced form was
not due to the inhibition of sodium dithionite, the xanthine
oxidase/xanthine/methyl viologen system was used to reflxid&C?2 instead
(77). The FAD of AXDGC2 could be readily reduced by the enzyme system and
the oxidizedAXDGC2 still exhibited higher catalytic activityFigure 3.7A).
Moreover, the presence of sodium dithionite did not affect the catalytic activity
of the FADfree mutant N94A Kigure 3.7B), suggesting that the observed
differences in enzymatic activity is indeed caused by the redox change in the
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FAD cofactor.

Figure 3.7 (A) Comparison of the diguanylate cyclase activity of the oxidized
and reduced forms oAXDGC2 using the xanthine oxidase system. 15 pM
AXDGC2, 400 pM xanthine and 1.5 pM Benzyl Viologen were mixed in 100
mM Tris-Cl (pH8.0), 50 mM KCI buffer. The anaerobiosis had been established
by flushing the ©y chamber with N, a catalytic amount of xantie oxidase

was added in. The reduction of AXDGC2 was monitored by UV spectrometry.
Reaction buffer of DGC activity assay was 100 mM -is(pH8.0), 50 mM

KCI, 10 mM MgCb. Final substrate concentration was 100 uM and the enzyme
concentration was 2 pUM(B) Comparison of the catalytic efficiency of the
FAD-free N94A mutant in the presence or absence of sodium dithionite under
anaerobic conditions. The reaction conditions are similar to the ones described
in Material and Methods.

3.3.4Effects of mutationsin the PAS domain on DGC activity

The PAS.occ2 domain shares sequence identity and similarity with the
PAS domains of AeiKpNifL, AWIfL and MmoS (Figure 3.8A). Particularly,
PAS\yoce2 shares significant sequence identity (45%) and similarity (76%) with
the PASimos domain. The high sequence homology between 288, and
PASumos (PDB code 3EWK) allowed us to build a reasonably reliable
structural model for the PAS domain. Some of thg kesidues ilAWNIfL and

Aer for the propagation of structural changes have been identified based on
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structural and mutagenesis stud{ég, 101) Moreover, the crystal structure

of PASwnir. determined by Moffat and coworkers revealed a hydrogen bond
network formed by the residues GluSer®, His*** and two water molecules in
the proximity of the N5 atom of the FAD ialboxazine ring. Interestingly,
although the main residue (A%h crucial for FAD binding is conserved in
PAS\voce2 the residues near the N5 atom that could play important roles in
signal propagation seem to be different from RAg (62).

According to the structural model of PAScc2, the residue Asth directly
interacts with the isoalloxazine moiety of FAD via hydrogen bindifgure
3.8C). This residue is highly conserved in flaabbmding PAS domains and it
has been shown that the mutation of the equivalent residue in Aer resulted in
altered phenotype i&. coli (6). We found that the mutation of A¥rabolished
FAD binding to AXDGC2, as evidenced by the colorless appearance of the
protein and the absence of the FAD spectriéigure 3.9A). Enzymatic assay
showed that the N94A mutant converted GTP 10i-6GMP with ak.y that is
3.8-fold smaller than that AXDGC2. Figure 3.9B, Table 3.3.

In addition, the structural model suggested that the residu&iadikely to
IRUP K\GURJHQ ERIQrGuy adhewiiityl §hain and the O2 atom of
the isoalloxazine ring. Surprisingly, the mutant N66A exhibited a higher FAD to
protein stoichiometry (0.68 + 0.1) than the wild type (0.4Ible 3.3,
suggesting As is not as important as A%hin binding the céactor.

Meanwhile, the oxidized and reduced forms of the N66A mutant still exhibited
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a difference of 2.8old in ke, (Figure 3.10C).

Figure 3.8 Comparison of PASocc: domain with other flavirbinding PAS
domains. (A). Sequence alignment fevin-binding PAS domains. The four
residues examined in this study are indicated by the arrows. (B). Phylogenetic
relationship analysis of the PAS domaimsxPGC2 from Acetobactexyliunt

NifL from Azotobacter vinelandii(119) Aer from Escherichia coli(8);

MmoS from Methylocecus capsulat$41l) BLUF_Appa from
Synechocystis sP.CC6803(80), LOV-NPH1 fromArabidopsis thaliang?2).)

(C). Structural modeof the PAS.occ2 domain with the isoalloxazine ring and

the four residues examined shown as sticks. The putative hydrogen bonds
between the isoalloxazine ring and the residues are represented by the dash
lines.

It has been proposed that the changiaefn redox state induces structural
changes in PA§uir. Via reorganizing the hydrogésond network in the
flavin-binding pocket, and that the reorganization of the hydrogen bond

network is initiated by the protonation and deprotonation of the N5 atom of the
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isoalloxazine ring(60, 62) The structural model of PAgcce suggests that

His®> and Ard?® are located near the N5 atom and are thest likely
participants in forming hydrogen bonds with N5 through one or more water
molecules [Figure 3.8C). To assess their roles in signal transduction, the two
residues were mutated individually for spectroscopic and kinetic
characterization. The FAID protein stoichiomeigs for the H62A and R125A
mutants were measured to be 0.16 + 0.06 and 0.3 + 0.1 respectively. The R125A
mutation did not seem to significantly alter the binding environment of the FAD
cofactor as evidenced by the absorption spectrumereas the absorption
spectrum of the H62A mutant has been changed drastically, suggesting either an

altered binding environment or modified FABigure 3.10A).

Figure 3.9 Comparison ofAXDGC2 and the N94A mutant. (A). Absorption
spectra ofAXDGC2 and the N94A mutant. (BComparison of the catalytic
activity of AXDGC2 and the N94A mutant. Reaction buffer was 100 mM-Ctis
(pH8.0), 50 mM KCI, 10 mM MgGl
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Table 3.3FAD: protein stoichiometry and steadtate kinetic prameters of
AXDGC2and its nutants.

FAD:protein Redox Keat Km Keal Km K;
Enzyme . At i1 -1
stoichiometry state (min™) (UM) (min™ uM ™) (UM)
WT 0.4 Ox 56+24 176 + 89 (3.2+21)x 1G 52 + 27
Red 0.71+0.1 112+18  (0.6+0.1)x 13 -
H62A 0.1 Ox 721472 138 + 106 (5.2+ 5.0) x 17 157 +135
Red 1.7+04 196+97  (0.9+0.5) x 1§ -
N66A 0.68 Ox 28+0.8 6029 (47+27)x18 371 +233
Red 1.0+ 05 189 + 112 (0.5+£0.4) x 1G 50+ 31
N94A - - 1.5+1.3 239 + 237 (0.6 £0.8) x 1G 38 + 37
R125A 0.3 Ox 8.0+£3.0 117 £ 59 (6.9+4.4)x 1G 138+ 77

Red 0.62+01 107+20 (0.5+0.1) x 18 -

To test whether the FAD has been modified, we denatured the mutant
protein and found that the free cofactor indeed exhibited altered retéinton
and absorption spectrurigure 3.11). A survey of the literature suggested that
the modifiedFAD is most likely to be thé-hdroxyl FAD (6OH-FAD) in the
neutral pH 6-OH-FAD is known to occur naturally in several enzymes with a
signature peak at ~3m and a broad peak (~600 nm, for the anionic form at
high pH) (58, 78, 87) which is consistent with the observatidmt abroad
peak at 600 nnwould be lostvhen wedecreasd the pH of H62A mutanto an
acidic conditionby TFA 1% (Figure 3.11B). Despite the modification, the
H62A mutant couldstill be readily reduced by sodium dithionate or the
xanthine oxidase system. Enzymatic assays revealed that the oxidized forms of

the R125A ad H62A mutants exhibited similar substrate itibas the wild
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type protein. Tiey exhibited 12.9 and 4f@ld greaterk:, than their reduced
forms respectively, relative to the 7.8 fold difference PodDGC2 (Figure
3.10B, D). The difference in catalytic rate between the proteins should be taken
with caution since the comparison is complicated by the different EAD

protein stoichiometry.

Figure 3.10 Comparison oAXDGC?2 and its mutants. (A). absorption spectra of
AXDGC2 and the three mutants.-[B. Comparison of the catalytic activity of
the oxidized and reduced forms of the thfe®GC2 mutantsReaction buffer
was 100 mM TrisCl (pH8.0), 50 mM KCI, 10 mM MgGl
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Figure 3.11 Modified FAD in mutant H62A.(A) Comparison of the HPLC
chromatograms of FAD and the modified FAD from the mutant HE@A.
UV-Vis spectra of FAD and the modified FAD from the mutant H62A.

3.3.5Effects of mutations in the PAS domain on redox potential

In A. xylinumcells, the FAD cofactor oAXDGC2 is presumably oxidized
by O, and reduced by an unknown partnes electrontransfer. The rate of
electron transfer, which could be crucial for the physiological function of the
cofactor, is dependent on the redox potential and reorganization energy of the
proteinrembedded cofactd@4, 73, 89) To investigate the roles of the residues
in modulating redox potential, we measured the oxidation potenti@EC2
and its mutantsTable 3.4, Figure 3.2). The wild typeAXDGC2 exhibits a
redox potential 0f280 + 3.0 mV, whereathe mutants N66A, R125A exhibit
slightly higher redox potentials 6275 = 0.8 mV-272 + 2.2 mV respectively.
The H62A mutant that contains the modified FAD exhibited a higher potential

of -265 + 1.3 mV, which matches the potential-B865 mV measuredor a
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6-OH-FAD reconstituted ferredoxiNADP® reductase (150) The redox
potentials are lower compared t$eof the free flavin {220 mV) andAwWNIfL
(-227 mV), but comparable to the potentials-280 mV for MmoS and277

mV for KpNifL.

Table 3.4Redox potentials oAXDGC2 and its mutants

Enzyme WT H62A NG66A R125A  AVNifL? KpNifL®  MmoS®
Redox -280+3.0 -265+1.3 -275+0.8 -272+2.3 -226  -277 5 -291.2
potential (pH 8.0) (pH 8.0) (pH 8.0)

(mV)

a. Data from ref(77), b. Data from ref(65), c. Data from ref(141)

Figure 3.12 Nernst plots of log(ox/red) phenosafranin as a function of log
(ox/red) ADGC2FAD. The redox potentials of the FAD AxDGC2 and the
mutants were obtained from the y intercept, where log (ox/red) phenosafranin
equals zero.
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3.3.6 Effects of mutatiors in I-site on ¢di-GMP binding

AXDGC2 contains two putative catalytic domai&GDEF and EAL) for
c-di-GMP synthesis and degradation respectively. HPLC analysis of the extract
from the denatured protein solution revealed another small ligand bound by the
protein in addition to FAD. The small ligand was identified to ftB-GMP by
comparing with the standard using HPLEiqure 3.13A). C-di-GMP is most
likely to be bound by the GGDEF domain because the bindingdofaVIP by
an inhibitory site (site) is well known for GGDEF domai(25, 96, 145)
Sequence alignment showed that a feay kesidues, including one of the Arg
residues for @i-GMP binding in the -kite, are not conserved RXDGC2
(Figure 3.13B). To test whether the-di-GMP is indeed bound at thesite, we
mutated a conserved residue (A<pin the putative -site. HPLCanalysis of
the denatured protein solution of mutant D217A showed that the protein was no
longer associated with-ai-GMP (Figure 3.13A), suggesting that the GGDEF
domain of AXDGC2 contains an intactsite even the residues are not strictly

conserved.
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Figure 3.13 Analysis of tsite. (A) HPLC analysis of the binding ofdi-GMP

by the GGDEF domain at-site showed that D217A mutation abolished
c-di-GMP binding. (B) Sequence alignment of the GGDEF domains of
AXDGC1, 2, 3 and two orthodox GGDEF domawmfsWspR and PleD. The
conserved GGDEF motif and the residues in Hséd are highlighted by the
underlining bar and arrowsespectively

3.3.7Phosphodiesterase activity of the EAL domain

The EAL domain ofAXDGC2 lacks a conserved loop 6 (DFG(T/A)GYSS
found in catalytically active EAL domain@®7). Instead, it contains a highly
degenerate loop 6 consisting of'RFGKGITVL*®™. We recently found that the
restoration of the loop of the isolated EAL domainnbytating three (N473D,
K476T and 1478Y) residues is sufficient to recover the enzymatic activity of the
domain in hydrolyzing -@i-GMP (97). Although the oxidized and reduced
forms of AXDGC2 did not hydrolyze -di-GMP, the wild typeAXDGC2 could
hydrolyze the noiphysiological phosphodiesterase substratgmidine pNPP
and bispNPP, but not the phosphatase substratesrdphenyl phosphate,
O-(4-nitrophenylphosphoryl) choline dnphospler(enol) pyruvic acid Steady
state kinetic measurements showed tWatx was reachedat a milimolar

substrate concentratidor thymidine pNPP, while no saturation was observed
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for the structurally simpler bipNPP at comparable substrate concentration

level (Figure 3.14A). Ax'*& ZDV IXUWKHU IRXQG WR EH DEOH WR
fcyclic AMP (cAMP), a nomatural cyclic nucleotideFgure 3.14B). The

isolated EAL domain also exhibited similar activity toward the

nonphysiological substrates, but neti-GMP. In addition, we confirmed that

the catalytic activity of the EAL domain is independent of the FAD redox state

(Figure 3.15).

Figure 3.14 Catalytic activity of the EAL domain oAXDGC2 towards
nonphysiological phosphodiester substrates. @#ydrolysis of Bisp-NPP and
thymidinep-NPP byAx'* & % +\GURO\V-tAMFRHy ADGCY.
Reaction conditions: 100 mM TSI (pH8.0), 50 mM KCI, and 10 mM Mggl
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Figure 3.15 Comparison of the phosphodiesterase activity of the oxidized and
reduced forms oAXDGC2 with the use of 1 mM sodium dithionite. Reaction
buffer was 50 mM TriCl (pH8.0), 25 mM MgGl.

3.4 Discussion

The celluloseproducing bacterium. xylinumhasbeen amodel system for
studying cellulose biosynthesis in bacteria. Cellulose synthesis is regulated by
the reversible binding of the messengeli-6GMP to a subunit of the cellulose
synthesizing machinergl07-108). Six homologous proteindA(PDEAL, 2, 3
and AXDGC1, 2, 3) were found to control the cellular concentratdn
c-di-GMP in A. xylinum(126). Although the six proteins share similar domain
organization with a PASGDEREAL arrangementn vivo analysis suggested
thatAXPDEAL, 2, 3 are responsible fodcGMP degrading; whereadsDGC1,
2, 3 for e¢di-GMP synthesig126). It was also found that the binding of &y
the heme cofactor of the PAS domainfoDEAL suppresses the activity of
the EAL domain, implying that high Qension would retard the hydrolysis of

c-di-GMP and lead ttigher edi-GMP concentratiorl4). Despite the similar
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domain composition shared BDGC2 andAXPDEAL, the results from the
current study revealed several major differences between the two proteins. First,
the PAS.occ2 domain binds FAD, in contrast to the hemeAPDEAL. This
observation is consistent with the highest sequence similarity shared by
PASaoccz and the PAS domains of MmoS, Aer and NifL. SecolhdDGC2
contains a catalytically inactive EAL domain; wherga$DEAL contains a
catalytically active EAL domain, consistent with the observation fimmivo
studies and the mutations in a functional 1¢ep, 126) Third, while high O,
concentrationstimulates the activity of the GGDEF domain AfDGC2 for
c-di-GMP synthesisit represses the EAL domain AKPDEAL for c-di-GMP
degradation.

The mutagenesis studies not only confirmed that®Adut not Asf® is
indispensible for FAD binding, but also probed the roles of residué$ atid
Arg*®® in propagating the redox sighfrom FAD to the surrounding protein
scaffold. Recent studies have suggested that the reversible protonation of the
N5 atom of the isoalloxazine ring initiates the structural change in the
FAD-containing AWIfL and BLUF through hydrogebonded networkg60,

62). Arg*?®is located near the N5 atom of the isoalloxazing end may affect
the protonation/deprotonation of the N5 atom; wherea&?Hiscks on the
isoalloxazine ring and may form hydrogen bond with N5 through water

molecules. Importantly, the site resided by ®is occupied by an essential

cysteine residue #t forms covalent adduct with the FAD upon light irradiation
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in the lightsensing LOV domain(23), and is occupied by glutamic acid
residue that plays a critical role initiating the reorganization of hydrbged
network in AWIfL (62). Our results showed that although the two single
mutations caused some minor changes in redox potential and catalytic activity,
they did not completely disruphe transmission of the structural change to the
GGDEF domain, which would be manifested by the reidoependent DGC
activity. The observation for the H62A mutation is particularly revealing given
that the signal transmission has not been blocked dekpitaodification of the

FAD cofactor at the osition and perturbation of local structure caused by the
deletion of the side chaifthe hydroxylation of the FAD is likely to result from

the attack of the molecular oxygen residing near position 6, situldhe
mechanism proposed for trimethylamine dehydrogenase based 3?Oan
incorporation experimen({76). It is important to point out that the low FAD:
protein stoichiometry observed for the proteimslicates that the protein
solutions contain a large portion of apoprotein whose activity does not change
with oxidation or reduction. Hence, the observed differences in catalytic rate
between the reduced and oxidized proteins are likely to be evenrgndete

the proteins are fully populated by the FAD. On the basibaxe observations,

we propose that substituted hydrogemded water networks may form in the
mutants, and that the protonation/deprotonation of the N5 atom can induce
structural change ni the protein scaffold through the newly formed

hydrogenrbonded water networks. As observed in the flavoprotein mandelate
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dehydrogenase, change of flavin redox state can be transmitted through a
hydrogenbonded water network to induce conformational chai(fh23)
Therefore the data do not completely rule out the possibility that the
hydrogenrbonded network is still intact in the mutants. Further structural study
of the PASwin. domain will reveal whether there are other residues for
organization of the hydrogdmonded network near the N5 atom and disclose
the effect of the mutation on the local protein structure and the
hydrogenrbonded network.

It should be stressed that altlghh the mutations did not totally disrupt the
communication between the PAS and the GGDEF domains, the three residues
could still be crucial for the physiological function of the protein by affecting
O, binding and electron transfer, and thus, the mutatioay still be able to
cause phenotypic changes. The binding pt@uld be affected considering that
O, must first bind near the N5 atom prior to the oxidation of the KB8D).

Ragd electron transfer between tRAS\pcc2 domain and its redox partners

that include the oxidant £and the unknown reductant is also critical for fast
response to the change of cellular redox status. Regardless of the identity of the
redox partner, theates of reduction and oxidation AKDGC2 will be dictated

by the redox potential of the proteembedded FA24, 72) In addition to

the altered redox potential for the mutants, the reorganization emtleaty
represents the kinetic barrier for electron transfer is likely to be affected as well

giventhatthe environment in the FADiInding pockehas beemperturbed
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Intriguingly, the PDE activity assay further revealed that although the EAL
domain of AXDGC2 did not degrade -di-GMP under the experimental
conditions, it is a competent PDE domain that can hydrolyze some
phosphodiester borncbntaining substrates. A omeetation catalytic
mechanism for EAL domain proteins was proposed based on the biochemica
study on RocR(99), whereas the recent crystallographic study of Brbpl
suggested a twmetation mechanism(5). Considering the lack of an Asp
residue for binding the second metal ioPAXDGC2, the observed PDE activity
seems to suggest that the EAL domain ussmglemetation mechanism for
K\GURO\][LQJ WKH QLWURSKHCARR FukErMae) eV H YV
observation that the catalytic activity towardsli€GMP can be recovered by
restoring loop 6 also raised the possibility that the activity of the Egxhain
towards edi-GMP can be activated by an unknown signal. A few bifunctional
GGDEFREAL domain proteins with catalytically active GGDEF and EAL
domains have been document@®, 131) Interestingly, a recent study of
ScrG, a GGDEHREAL didomain protein inV. parahaemolyticusshowed that
the protein exhibits DGC or PDE activity, depending on the presence of another
protein partner(63). Hence, it remains to be seen whethe®DGC2 is
regulated by another signal in addition to tedox signal.

Finally, thepresentstudy demonstrated thdte change of the redox status
of the flavincofactor modulates the enzymatic activity of the GGDEF domain

in AXDGC2, and thusprovided support for the notiahat the FADcontaining
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PAS domain ofAXDGC2 furctions as redox/oxygen sensdhe PAS domains

of ADGC1 andAXDGC3 are likely to function as redox/oxygen sensors as well
given the high sequence similarity (>90%) shared by the PAS domains of
AXDGC1, 2 and3. Considering that thestimated free cellular [GTP] is in the
range of 10400 uM (12, 46) the different rates observed for oxidized and
reduced states could mirror the differefficiency in degrading-di-GMP for
AXDGC1, 2 and 3 in the cells. It is also important to point out that the low FAD
to protein stoichiometry observed f#kxDGC2 indicates that the protein
solutions contaied a large portion ofapo-protein whose activity does not
change with oxidation/reduction. Hence, the observed difference in catalytic
rate between the reduced and oxidiZeddDGC2 is likely to be even greater
when the protein is fullpopulated by FAD in the cell§ogether with a early
study onAXPDEAL (14, 43, 108)the data would indicate thatgh cellular Q
concentration will simultaneously stimulate the DGC activitpAgDGC1-3 and
suppress the PDE activity &xPDE1-3, on the assumption that all the six
proteinsare constitutively expresse@onsequently, the cellulardi-GMP level

will rise with oxygen concentration to enable the binding -ofi-GMP to the
membraneembedded cellulose synthase for activating cellulose synthesis

(Figure 3.16).
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Figure 3.16 A schematic illustration of the relationship between oxygen level,
cellular cdi-GMP concentration and cellulose synthesis Acetobacter
xylinum

This model is consistent with the observation that cellulose was produced
by better aerated cells at the-aater interface in the static culture éf
xylinum (14, 108) The utilization of flavin and herreontaining PAS domains
by the synchronizedegulation of DGC and PDE activitiesay be crucial for

achieving fast @response in the obligate aerobexylinum

3.5Summary

The cytoplasmic proteilAxDGC2 regulates cellulose synthesis in the
obligate aerobéA. xylinum by controlling the cellular concentration of the
cyclic dinucleotide messengerdeGMP. AXDGC2 contains a P&RNT-SIM
(PAS) domain and two putative catalytic domains (GGDEF and EAL) for

c-di-GMP metabolism. We found that the PAS domainAeDGC2 binds a
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flavin adenine dinucleotide cofactor nonvalently. The redox status of the
FAD cofactor modulates the catalytic activity of the GGDEF domain for
c-di-GMP synthesis, with the oxidized form exhibiting higher catalytic activity
and apparent substrate iniiin. The results suggest th&xDGC2 is a
signaling protein that regulates cellulaidiecGMP level in response to the
change of cellular redox status or oxygen concentration. Moreover, several
residues predicted to be involved in FAD binding and sigaaltiuctionsvere
mutated to examine the impact on redox potential and catalytic activity. Despite
the perturbation of redox potential and the unexpected modification of FAD in
one of the mutants, none of the single mutations was able to completely disrupt
the signal transmission to the GGDEF domain, indicating that the change of
FAD redox state can still trigger structural changes in the PAS domain probably
by using substituted hydrogdronded water networks. Meanwhile, although
the EAL domain ofAXDGC2 wa found to be catalytically inactive towards
c-di-GMP, it was capable of hydrolyzing some phosphodiester-bonthining
substrates. The observed catalytic activity raised the possibilitAxDesC2 is
under the control of an additional signal and the Eimain can be activated

for c-di-GMP degradation. Together with the oxyeggpendent activity of the
homologousAXPDEA1, the results provided new insight into the relationships
between oxygen level,-d¢i-GMP concentration and cellulose synthesisAin

xylinum
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CHAPTER 4 INSIGHT INTO THE FUN CTION OF THE DEGENER ATE

EAL DOMAIN OF THE C -DI-GMP SIGNALING PROTEI N FIMX

4.1 Introduction

The emergence of the cyclic dinucleotiddi€gGMP as a major signalling
molecule in bacteria in recent years has unveiled a previously hidden signalling
network that controls a variety of bacterial behavidGfs 59, 106, 114)Some
of the behaviours, such as twitching motility, surface adhesion, biofilm
formation and virulence expression, may contribute to the pathogenicity of the
pathogenic bacteria during infection. ThelisGMP network is comprised of a
large number of signalling proteinas well as riboswitches responsible for
c-di-GMP synthesis, degradation and recognitid@i4) EAL and GGDEF
domaincontaining proteinare the most prevalenidi-GMP signalling proteins.
The canonical GGDEF and EAL domains function as diguanylate cyclases
(DGC) for cdi-GMP synthesis and phosphodiesterases (PDE) -th+GiMP
degradation respectively. Recent studies hhweever uneartled asignificant
number of degenerate von-catalyticGGDEF and EAL domaind 9, 29, 88, 98,
138) Thediscovery of the nowatalyticGGDEF and EAL domains addnother
layer of complexity to the-di-GMP signalling netork that has yet to be fully
understood.

Upon the elucidation of the catalytic mechanism of EAL domains, it was

clear that many EAL domains are catalytically incompetent due the lack of the
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critical catalytic residues. The EAL domain of FimX was amongesof the
inactive EAL domains identified. FimX is a cytoplasmic protein (Ba)
required for normal twitching motility and biofilm formation in the opportunistic
pathogenP. aeruginosa(55, 61, 67)Although the EAL domain of FimX was
first suggested to function as a phosphodiesterase domain, it was later established
to be a norcatalytic domain(45, 61, 97, 99)Recent studieBom Sondermann
and ceworkers have demonstrated that the EAL domaiR.@aferuginosaFimX
is capable of binding-di-GMP with high affinity(86). The crystal structure of
the stanealone EAL domain in complex withdi-GMP determined by the same
group reveals the binding ofdi-GMP withou the assistance of metal idrarah
and ceworkers further reported that the EAL domain of the FimX homolog in
Xccnot only binds ei-GMP, but also interacts directly with the PilZ protein, a
key protein in type IV pili biogenes{g5). In addition to the EAL domairkimX
contains three other protein domains that include a CleY REC
(phosphoreceivelike) domain, &PAS PerSIMARNT) domain,anda GGDEF
domain(Figure. 4.1A). The functions of thehree domains remain unknown
despite the overalequenceimilarity shared with othehomologousdomains.
Notably, the defectivd)REC domain is unlikely to function as an archetypal
phosphoreceiver domalvecauset lacks the essential Asp residue required for
phosphorylatior{55) (Figure 4.1B).

Mattick and ceworkers first reported thatGreen fluorescent protein

(GFP)}tagged FimXadopts a unipolar localization P. aeruginosa(55). The
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cellular localization of FimX was shown to be critical for the function of FimX
in theassemblyof unipolartype IV pili (55, 61) In vivo studies demonstrated
that the Nterminal REC domain and thedjacent linker region are
indispensible for retaininthe unipoladocalizationof FimX, indicatingthat the
localizationsequenceesides in the Nerminalregion (55, 61). It is puzzlingly
that deletion of the EAL domain onutation of thesignatureEVL motif of the
EAL domain has a dramatic effect on protein localization by greatycing
the probability of the protein to adopt thenipolar distribution(61). A
molecular mechanism that can rationalizeitheivo observation is still lacking.

In this study, we examined FimX using thenethod of amide
hydrogen/deuterium (H/D) exchangeupled mas spectrometryThe highly
sensitive H/D exchange method revealed that the bindingdoGiMP to the
EAL domain triggers alistinctive conformational change in the REC domain
and the adjacent linker regioBinding assays demonstrated that mutation of
the EVL motif completely abolishes thede GMP binding capability of FimX.
Together, the results proviédenovel molecular explanation for the mediation of
protein function and cellular location by-de-GMP through an allosteric

regulation mechanism.
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Figure 4.1 Domain organizationand sequence alignmewf Pseudomonas
aeruginosaFimX. (A) Domain organization of FimXvith the sequence of the
linker between the REC and PAS domain highligh{®&). Compariso of the
CheYlike REC domain of FimX with CheY domain of other proteifise Asp
residuefor phosphorylations indicated red asterisk. The sources of the CheY
sequencesare as follows. CheY_PleD Pa, CheY of PleD Pseudomonas
aeruginosa(AAGO04845); CheY_Ec, CheY dEscherichiacoli (NP_416396)
CheY_Ba, CheY oBacillus amyloliquefacien€CP_000560.1)

4.2 Methods and Materials

4.2.1Gene cloning and sitedirected mutagenesis

The gene encoding the fu#ngth FimX was first amplifiethy PCR from the
genomic DNA ofP. aeruginosaPAO-1 usingthe Expand High fidelity kit
(Roche). The gene fragment was cloned intoetkigression vector pET 26b(+)
(Novagen) between the Ndel and Notl restriction sites. The DNA fragment that
encodes the EAldomain (FimX3sess91) Was cloned into the expression vector
PET 28a(+) (Novagen) between the Ndel and Xhol restriction sites. All the
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plasmids harboring the gene constructs and the £H&) encoding sequence

were transformed intcE. coli strain BL21(DE3) for protein expression.

Site-directed mutagenesis was carried out using the Quick Change mutagenesis

NLW 6WUDWHIHQH IROORZLQJ PDQXIDFWXUHUYV LQVW
the cloned and mutated genes were determined by the complete nucleotide
segquencing (1 Base). All the primers used for PCR and mutagenesis are listed

in Table 4.1.

Table 4.1Primers used ikFimX cloning and sitadirected mutagenesis

Primer Relevant sequence

FimX Forward ICATATGATGGCCATCGAAAAGAAAACC- 1

FimX Reverse IGCGGCCGCTTCGTCTCCCGAGGAGAA 1

FimX 436601 FOrward 5-TTTCATATGGCCGCCGCCCAGCGE3'

FimX 435601 REVEISE IGCGGCCGCTTCGTCTCCCGAGGAGAA 1

FimX gy, .aaa Forward 5-CCACGAGAACTACGCGGCGGCCCTGCGCCTGCTE
FimX gy .ana Reverse 5-GAGCAGGCGCAGGGCCGCCGCGTAGTTCTCGTG@G'

4.2.2 Protein expression and purification

The plasmids harboring the genes were transformed Enatoli strain
BL21(DE3) (Novagen). 2 ml of the culture inoculated by the cell stock was
added to one liter of LBnedium. Bacterial culture was grown at 37 °C up to
OD of 0.8 before being induced with 0.5 mM IPTG at 16 °C for 16 hours. After
harvest by centrifugation, the cell pellets were lysed with the 40 ml lysis buffer
containing 50 mM NakPQ, (pH 7.0), 300 mM Na® P-tnercaptoethanol

and 20 mM imidazole. After centrifugation at 20,0f@m for 30 min, the
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supernatants were filtered and then incubated with 2 ml BENA resin
(Qiagen) for 30 min. The resin was washed with 50 ml of wash buffer (lysis
buffer with 50 mM imidazole). The proteins were eluted with the elution buffer
(lysis buffer with 300 mM imidazole). After SBBAGE gel analysis, fractions
with purity higher than 95% were pooled together. Size exclusion
chromatograph were carried out &C4usingthe AKTA FPLC system equipped
with a Superdex 200 HR 16/60 column (GE Healthcare) for theefudjth
FimX and a Superdex 75 HR 16/60 column for Figg¥%e;. C-di-GMP was
found to be cepurified with the full-length FimX and theEAL domain To
produce FinX without ¢di-GMP binding, the purified proteins were treated
with the cdi-GMP specific phosphodiesterase RocR and®¥8§9). The
ligandfree proteins usedn this study were separated from RocR by
sizeexclusion chromatographyll the purified proteins were flash frozen in
liguid N, and stored iR80 °C freezer after the measurement of concentration by
Bradford methodThe final storage buffer as 20 mM TrisCl (pH8.0), 100
mM NaCl, 5% glycerol, and 2 mM DTTAIl the mutant proteins were

expressed and purified following the same procedure for the wild type proteins.

4.2.3 Characterization of the proteirassociated ali-GMP
UV-Vis spectrum was ken using the UM650PC spectrophotometer
(Shimadzu) equipped with thermostat and quartz cuvette. For HPLC analysis,

full-length wild typeFimX, mutants and the isolated EAL dom&imX,3e691
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were denatured by 1% TFA and the protein precipitate was rembye
centrifugation at 14,00@pm for 20 min. The supernatant was loaded onto the
Agilent LC1200 HPLC system equipped with an X@QR8 column (4.6 x 150
mm). Gdi-GMP bound by thdull-length wild type FimXthe mutants and its
truncated construct and mutanwere analyzed by mobile phase (20 mM
Triethylammonium bicarbonate (pH 7.0), 9% Methanol), with a flow rate of 1

ml/min in the same fashion by HPLC.

4.2.4Amide hydrogen-deuterium (H/D) Exchange by mass spectrometry
Hydrogen/deuterium (H/D) exchange a commonly used approach to
investigate protein dynamics. The exchange rate between the hydrogen of
backbone amide and isotopicalgbeled water is used as evaluation of the
extent of local and global protein conformational changes. This method is
conwentionally used in other biophysical instruments such as NMR
spectrometrybut there are certain limitations. Thereforeass spectrometry
(MS) is now widely applied in probing protein dynamics as it provides high
sensitivity in detecting low concentration of protein including large proteins

that are not suitable for NMBRudies

The ionization method used in H/D exchange with mass spectrometry
(HDX-MS) can be electrospray ionization (ESI) or matssisted laser
desorption ionization (MALDI). To increase the resolution of the results

generated by mass spectrometry, protein samgle subjected to digestion to
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peptides. Irexchange reaction of protein is first quenched by low pH and low
temperature, which is then followed by pepsin digest{d). HPLC is
interfaced with mass spectrometry to separate the digested peptides and mass
spectrometry analysis is then performeay(re 4.2). Our HDX system was set

up follow the protocol froniee T and colleagud30)

Figure 4.2 The general overview of the experimental setup of
hydrogendeuteriumexchangemassspectrometry. Protein with amide hydrogen

is incubated with BO and deuteration occurs at the backbone amide.
Deuterium incorporation is quenched by low pH and low temperature. Protein
is then subjected to pepsin digestion and further processed by aiRL@ass
spectrometry analys{g he figure isadopted frontreferene (54))
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4.2.4.1HPLC column packing and system configuration

Capillary HPLC columns were assembled by packing revegrbade
resin into fusegilica tubings (Polymicro Technologies, Phoenix, United
States). The outlet tubing (32Bn 1.D.) was 510 cm in length and the inlet
tubing (530 An 1.D.) was15-20 cm in lendt. They were connected with 1 inch
of outlet tubing being inserted into the inlet tubing and the connection point was
covered by Epoxy glue (Epoxy Technology, Billerica, United States). The inlet
end of glued capillary was filled with Teflon patch, the @k&action disk (3M
EmporeTM, Saint Paul, United States). Revensease POROS 20 R1 resin
(Applied Biosystems, Foster City, United States) was mixed with 100% ethanol
to become resin slurry. It passed through the capillary byp20€f helium gas
generded by pressure injection cell (Next Advance, Averill Park, United
States). Teflon patch was pushed upwards and trapped at the connection point
where the outlet diameter is relatively smaller and it served as a seal so that the
resin filled tke inlet fromtop to the bottom.

The HPLC sample injector valve, model 9010 (Rheodyne, Rohnert Park,
United States) was coupled with a MicroPro® high pressure (up to 10,000 psi)
HPLC pump (Eldex, Napa, United States). Polyetheretherketones (PEEK)
sample loops (Agilent Technologies, FosteryClinited States) were used for
sample loading (50(R.) and solvent preooling (2 mL). Syringes for sample
injection (250 R) and gradient buffer loading (5@.) were wrapped with

parafilm (Alcan Packaging, Neenah, United States) to prevent heat transmiss
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(syringe with 23 gauge blunt needle is preferable). The packed capillary HPLC
column was connected to mass spectrometr§dREP tubing sleeves of 0.018
inch 1.D. (Upchurch Scientific Inc, Oak Harbor, United States). A large ice
bucket was used for soierging the injector valve, sample loop, solvent
pre-cooling loop and HPLC reversgzhase column. Low temperature {0)

was maintained to minimize baekxchange of amide hydrogen. A stainless
steel needle port was used for injection by syringe (Rhegdohnert Park,

United States)

4.2.4.2Hydrogen-Deuterium Exchange

Purified FimX was exchanged into 20 mM sodium phosphate buffer (pH
7.4) that contains 100 mM sodium chloride and 2 mM D& R. of c-di-GMP
free FimX (5 mg/ml) was pracubated with 2R of c-di-GMP (250 V) at
room temperature for 1 mi€-di-GMP was synthesized enzymatically using a
thermophilic DGC protein as described previou®$). For the control group,
2 R HPLC grade water was added instead -dfi-GMP. After preincubation,
protan sample was transferred to ice 10). Meanwhile 90 . D,O (Sigma
Aldrich, Wilwaukee, United States) was grkilled in 10°C water bath and
then added into the prepared protein sample. Immediately, the mixture was
transferred into the 10C water bath @ perform the H/D exchange for several
lengths of time: 10 s, 1 min, 5 min, 20 min, 40 min, 60 min and 90 min. After

D,0 incubation, protein sample was transferreel®°C water bath for 5 s to
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cool it rapidly. To quench the 4exchange reaction, 9® of 0 °C 25 mM
sodium citrate (Sigmdldrich, St. Louis, United States) / 25mM sodium
succinate (Sigmdldrich, St. Louis, United States) at pH 2.4 in LC/MS grade
water was added immediately. This acidified protein sample was incubated
further in-10 °C for 20 s and then being transferred to ice whereRL®f
pepsin (SigmaAldrich, St. Louis, UnitedStates) was added immediat€lyne

ratio of FimX and pepsin is 1 to 1.

Protein/pepsin sample (20R) at pH 2.4 was injected immediately using
parafilm- wrapped syringe into 500 PEEK sample loop which was rinsed
with 0.1% formic acid (FA) in HPLC grade water. One minute after protease
addition, the injector valve was switched to inject position jecinall digested
sample into the column which was equilibrated with 0.1% FA previously. Flow
rate was controlled by the HPLC pump at BOmin. After 5 min of injection
onto the column, injector valve was switched back to load position for the
washing ofcolumn. Meanwhile, sample loop was rinsed with 2 mL of HPLC
grade water to remove,D crystal leftover. Step gradients which were kept on
ice (0°C) before was then injected into the sample loop in the order ¢t 40
80% acetonitrile (ACN) in 0.1% FA flowed by 17.5 R each of 40, 30, 25,
22.5, 20, 17.5, 15, 12.5, 10, 7.5% ACN in 0.1% FA. After 6 min of column
washing, the flow rate of HPLC pump was reduced to Rmin and the
column was then connected to the electrospray source of mass spectrometry.

Injector valve was switched to inject position to inject the gradient buffer onto
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the column and elute the peptides for mass spectrometry analysis.

A nondeuterated sample was used as control by addin@-98f HPLC
grade water instead of 9B of D,O. This result was collected for the peptide
identification based on the MS/MS tandem spectra. Anothertaaeocontrol
was performed to measure the lewtent artifactual irexchange at backbone
protons after quenching of deuteration and pepsin digestiis was done by
adding 90 R of quenching buffer (pH 2.4) to 1@ of protein sample (0C)
followed by putting another tube containing 30 of D,O into 10°C water
bath. Acidified protein mixture was transferred-i® °C water bath prior to
addition of D,O (10 °C). Subsequent steps were accomplished as described

above.

4.2.4.3 Data analysis
Xcalibur software was used for spectr analysis and data extraction. The
H/D exchange data were processed by using the prograrExXpkess. Zero
time-point controO RU WKH SDHWKIDGWXDEOROQFURO ZDV SHUIRI
adding the quenching buffer to the protein solution before exposureQo D
Measured peptide masses were corrected for artifactumtcimange at t=0,
normalized to 100% D, and corrected for back exchange following the
empirical method described by Hoofnagteal (54).
TheMS and MS/MS spectra from raw file®uld be extractelly usingthe

Raw Extractersoftware (The ScripResearch Insititute)A relatively small
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database was built includingfimX and several other proteins from.
aeruginosa These MS/MS files were then searthed againsthe databasdor
peptide identityby using the ProluCID search engi(iene Scripps Research
Insititute). A quantity of digestedpeptides then could be identified and the
sequence coverage of FimX protein could be calculated.
The raw data of eactHDX run could be opened as a total ion
chromatographby using Xcalibur. Differentpeptides appeared asdlifferent
peals in the chromatographlo find the Retention Time for each peptidee
3'LVSOD\HG 2SWL R@yopsaedigiyRd labdt {he charge status of
all the peaks. Secondly, the5DQJHV "™~ G L\We® Bpeénétihfl the mass
range of a particular peptide wasteed L Q Pkthroperties dialog boxto
select the corresponding peak with correct charge statusdilotine isotopic
peaksfalling to this mass rangeThirdly, the m/z and signal intensity &t
particular peptide eactvas savedn a text fileand opered in a spreasheet
using the Microsoft Excel. ie m/z and signal intensityere placedn the first
and second column respectivei)X express software was used tdaulate the
weighted average mass for each peptide at time t (Mt,avg) b¥dhé.1,
where™ P ] T LQWHQVLW\ LV WKH VXP RI PXOWLSOLFD!
isotopic form DQG LWV FRUUHVSRQGLQJ LQWHQVLW\ ™ LQ

intensity of all isotopic forms.

OWDYJ>™ P]7TLQWHQVEW\ (EGUILQWHQVLW\ @1]
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Low extent of artifactual wexchange occurs after quenching buffer was
added to stop the iexchange. The corrected peptide mass is calculated based

on the zerdgime control experiment data IBg. 4.2

IVIt,corr(IE): (Mt,avg'LMinf,QO)/ (l'l—); L= (MO'M calc)/(Minf,QO'Mcalc) (Eq 4-2)

M corrg) IS the artifactual irexchange corrected peptiseass at time ft,
MiavgiS the observed weighted average mass at timed¥ the theoretical
mass of the peptide at infinite exchange where 90% of nonproline backbone
amide hydrogens are incorporated with deuteriurgisMhe observed average
mass in ze-time control, Mq is the therotical average mass of the peptide, L
is the fraction of artifactual sexchange.

Following digestion and before mass determination, deuteriums at
backbone amide would slowly baekchange to hydrogen during HPLC
separatia in water. There is an empirical formukag 4.3 derived to calculate

the fractional baclkexchangg102)

BE= L x (%0H20/%D20) + [(peptide elution time from HPLC in min+6min)

x1%)](Eq. 4.3)

In Eg. 4.3 (%0H20/%D20) is the scaling factor that reflects the H20

solvent in the backxchange normalized to D20 in the artifactuaéxchange.
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This estimation accounts for approximateB#d of observed baekxchange of
the peptide on the column prior to elutiom each minute. Together with
estimation of artifactual kexchange and baekxchange, the peptide mass can

be corrected by thEq. 4.4

Mt,corr(BE) = M corrg)t [BE * (Micorre)- Mcad]  (EQ. 4.4)

The final corrected timdependent H/D exchange data were fit by
nonlinear least squares fitting as described previously by &ng.5 (97). N
is the total number of deuterons incorporated over the observed course for each
peptide, and A, B and C correspond to the number of amides exchanging with
the rate constant&;, k, and ks, respectively(97, 147) The number of
nortexchanging amides is calculated from the total number of the backbone

amides () in the peptideexcluding proline residues.

Y=N-(Ae*"'+Be**+Ce*®)  (Eq.4.5

4.2.5 Isothemal titration calorimetry (ITC)

The dissociation constant&4) and stoichiometric ratio for the interaction
between FimX and -di-GMP were measured by isothermdikration
calorimetry (ITC) using a ITgocalorimeter (Microcal). Calorimetric titration

of c-di-GMP (1 mM in the syringe; JL injections) and fullength FimX,
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FimX43s6910r FimX mutants (40 uM in the cell) was performed at’@5n the

assay buffer tat contains 10 mM Tri€l (pH 8.0), 100 mM NaCl. A time
spacing of 240 s was set between injections. ITC data were analyzed by
integrating the heat effects after being normalized to the amount of injected
protein. Data fitting was based on a singite bnding model using the

embedded software package (Microcal) to obtain the dissociation constants.

4.2.6Structural modeling

The structural models for the REC and PAS domains of FimX were built
using the structures of the REC domain of PleD (PDB cod&5) and PAS
domain of FixJ (PDB code:ORM) as templates. The final model of the
full-length FimX was built based on the FimX model from Sondermann and
coworkers, with the structural models of the REC and PAS domain incorporated

into the original model.

4.3 Results

4.3.1 Preliminary characterization of full-length FimX and FimX,3ss91

The fulklength FimX expressed i&. coli was purified by metaffinity
and sizeexclusion chromatographyhe typical yield of the purified FimX was
~30 mg/L cell cultve for full-length and ~20 mg/L cell culture for the

FimX436601. SDSPAGE showed that the protein is ~95% homogeneous and the
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molecular mass is in agreement with that predicted from the sequence with a
calculated mass of 76 kDa for fdéingth FimXand 28kDa for FimX,3s691
(Figure 4.3). The gelffiltration chromatography suggests that the
oligomerization state of the fuléngth FimX is dimeric and that tHémX,3s691

is monomeric(Figure 4.3). A significant amount of -cli-GMP was found to

bind thepurified FimX as evidenced by the absorption spectrum of the protein
and the HPLC analysis of the supernatant following heat treatment of the
protein. To remove-di-GMP from the protein, the purified protein was treated
with the cdi-GMP specific phosphdesterase RocR and Kfg(99). The
ligandfree FimX used in this study was separated from RocR byesiaesion
chromatographyPurified fulllength FimX an FimX,3e691 Were stored at80

°C and seemed to be stable for several months.

4.3.2 Probe the interaction between FimX and-di-GMP by amide H/D
exchange
The binding of edi-GMP by FimX does not induce a change in global

structure or oligomeric state because the free addGMP bound FimX
proteins appear to be almost identical in solution scattering and analytic
ultracentrifugation analysi§g86). We postulated that the effect ofdecGMP
binding might be exerted through a local conformational change that was
undetectable by the scattering and sedimentation methdasde H/D

exchange by mass spectrometry is a highly sensitive technique forirdgtect
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ligand-binding site and conformational changes in proteins by monitoring the
deuteration level of the peptide segmeftid). We reasoned that Amide H/D
exchange by mass spectrometry wouldhbadeal tool for detecting smadical

conformational changen FimX

Elution volume (mL)
Figure 4.3 SDSPAGE and gel filtratiorcharacterizati gyion volume (mL)
protein and Fim&(}gg]_. (A) SDSPAGE analysis of the PULIEU FHTA. Lal e 1.
protein ladder. Lane 2: FimX. (B) Gel filtration chromatogram of FimX on
Superdex 200. (C) SBBAGE analysis of the purifiedFimXszee01. Lanel:

protein ladder. Lane2: Fimseo1. (D) Gel filtration chromatogram of
FimX4366910Nn Superdex 75.

H/D exchange by n& spectrometry was performeillowing an
estdlished protoco(71, 97, 102) The peptides generated by pepsin digestion

were icertified by a MS/MS experiment. H/D exchange of FimX was
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conducted in the absencedapresence af-di-GMP. A total of 38 peptides that
encompass 86 % of the protein sequence were chosen for data afdgsis.
collation of 38 peptides stanty from the Nterminus of FimX is shown in
Figure 4.4 The peptides include peptides 1 to 8 from the REC domain and the
adjacent linker, peptides 9 to 14 from the PAS domain, peptides 15 to 26 from
the GGDEF domain and peptides 27 to 38 from the EAL domain. The
deuteratdbn patterns of every peptide tine absence and presencecafi-GMP

was compared by examining the thdependent deuteration profiles. Overall,
30 of the 38 peptides exhileil almost identical H/D exchange patterfigre

4.5). Meanwhile, statisticallyignificant differences in H/D exchange rates and
deuteration levels are observed for eight peptides. The eight peptidesiraae
exclusivey in the EAL domainthe REC domaiyandthe adjacent linker region
asdiscusgedbelow.

In the EAL domain, six peptides exhileitl reducedlevels of deuteration,
indicating a decreased solvent accessibititythe six peptidesipon c¢di-GMP
binding (Figure 4.6A). The six peptides were mapped onto the crystal structure
of the EAL domain of FimXR®DB code 3HV8) (Figure 4.6B andC). Peptides
29 and 38exhibited the greatest suppression in deuteratidhe crystal
structure shows that both peptides contain residougsare indirect contact
with the guanine moietyof c-di-GMP. In addition Arg*’® of peptide 29 is
involved in chargeharge interaction with the phosphate grodjntably,

peptide 29 also harbors the signature motif EVL and a short heliw#saseen
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to undergoa rigid body shift upon-di-GMP binding(86). Minor suppression

of deuteration was observed for four peptiqepiides28, 32, 33 and 36) in the

EAL domain. Peptide 28 consists of the firsstrands of the central barrel,
whereas peptides 33 and 3F R Q WdDdan@s and loops from thedeGMP

binding pocket. A mall reduction in deuteration was observed for pep8d,

which is the only peptide that does not make direct contact waiFGiVIP. In

the crystal structure of the stanbne EAL domain, the NWHUPLQDO KHOL][
becomes unstructured upondeGMP binding (86). No difference in
deuteration is observed between fhee andc-di-GMP boundforms of the

K H O L-¢ontaining peptide 27Fgure 45), indicating that the secondary

structure of the helix does not change in theltrigth FimX.
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Figure 44 Sequence coverage map of FimX with the secondary structure
indicated. The peptides used for the analysis of deuteration pattern are
represented by the underlying bars. The red and yellow bars represent the
peptides exhibiting altered deuteration upon timeling of c¢di-GMP, whereas
thegreybars represent the peptides with unchanged desaturation.
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Figure 4.5 continued.

Figure 4.5H/D exchange profiles for the peptides that do not exhibit significant
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changes upon-di-GMP binding. Time courses of deuteration are shown for the
peptides in the absencé)(and presence|( R ali-6MP. Weighted
average masses of peptides were corrected for artifactte{cirange and
backexchange.

In contrast tothe EAL domain none of the peptides in the adjacent
GGDEF and PAS domains shed significant change in deuteration. For
instance, theexchange profile for the peptide (peptide 22) that contains the
GDSIF motif in the GGDEF domain revedlthat only two arnde hydrogens
were substitutedwith deuteronsduring H/D exchange regardless of the
presence of -di-GMP (Figure 4.7A). The lack of changes indicates that
c-di-GMP binding has little effect on the conformation or flexibility of the
GGDEF and PAS domains tontrast, two peptides from thetdrminal REC
domain and the adjacent linker exhduitreduction in deuteration upon
c-di-GMP binding(Figure 4.7A). One peptide(peptide 6) resides in the REC
domain andthe other (peptide 8jesidesin the adjacenlinker region Figure
47B). 3HSWLGH FRQWDLQV WKH . KHOL] VWUDQG DQ
FRQVWLWXWHV PRVMDAH WKBEW LV NQRZQ DV WKH LQWH
for Che¥like proteins. Meanwhile, peptide 8 consists of part of the petlic
long helix linker between the REC and PAS domdine orientation of the
REC domain and the position of peptide 8 are arbitrary irstituetural model
shown inFigure 4.7Bbecause the fulength FimX or REC domain structure is
unavailable at this moemt. The suppressed deuteration levels upah-GMP

binding for peptides 6 and 8 indicate a decrease of solvent accessibility in the
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region containing the two peptides, likely due to a conformational change as

discussed below.

4.3.3 Effect of the mutaton of the EVL motif on ¢-di-GMP binding

In vivo studies showed that the-tdrminal REC domain and the adjacent
linker region harbors the protein sequence that is indispensible for the unipolar
localization of FimX (55, 61) Intriguingly, Kazmierczaket al made the
observation that the mutation of thé®&*"®%"" motif to AAA in the EAL
domain dramatically alters the unipolar localization of FimX, with the triple
mutant protein more likely adopting a bipolar or sfplar distribution.
Overexpression of the mutant protein in thimX strain also failed to restore
twitching motility (61). In the crystal structure of the EAlx complexed with
c-di-GMP, ¢-di-GMPis bound in the pocket through timteraction with several
polar andnon-polarresidues includingyr®”® GIu®>* Asp®®’, Arg*’®and Led*”’
(86). The EVL motif may contribute to-di-GMP binding since Leli” makes

direct contact with the ribose and guanine moiety and’Glateracts with

c-di-GMP indirectly through a watenediated hydrogebond network.
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Figure 46 Effect of ¢di-GMP binding on deuteration pattern in the EAL
domain. (A). Time courses of deuteration are shown for the peptides from the
EALgrmx domain that exhibit significant different deuteration patterns in the
absence () and presence|( RI M c-di-GMP. Weighted average masses of
peptides were corrected for artifactualemchange and baakxchange and fit

by nonlinear least squares to a sum of three exponential terms as described in
the Experimental Procedures. (B). Crystal structure of thieckx domain in
complex with edi-GMP (PDBcode 3HV8). The peptides exhibiting decreased
deuteration upon the binding ofdt-GMP (stick model) are colored red and
yellow. (C). Surface representation of the Efd domain with the region
exhibiting solvat protection upon-di-GMP binding colored red and yellow.
The structure shares the same orientation as the one in panel B.
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Figure 4.7 Effect of e¢di-GMP binding on the deuteration pattern in the
N-terminal REC dmain and the linker region. (Aime courses of deuteration

are shown for the peptides from the BEfdx domain that exhibit significant
different deuteration patterns in the absenteand presence|( R 0
c-di-GMP. Weighted average masses of peptides were corrected for artifactua
in-exchange and baakxchange and fit by nonlinear least squares to a sum of
three exponential terms as describedthe Experimental Procedures. (B)
Structural model of the fulength FimX protein with the regions exhibited
altered deuteration coloredd and yellow. The peptide that contains the GDSIF
motif in the GGDEF domain is colored green.

Given the structural information and the conformational change induced by
c-di-GMP as suggested by the H/D exchange results, we further examined
whether theeffect of the EVILAAA mutation is due to the perturbation of
c-di-GMP binding.A binding assay by isothermal titration calorimetry (ITC)
was conducted to compare the wild type FimX and the AAA triple muUtaitt.
length FimX lound c-di-GMP with asubmicromolar K4 of 0.14 + 0.02uM

(Figure 4.8A), which is close to theeportedKy of 125nM (86). Remarkably,
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the triple mutation reduces the binding affinity fediecGMP drastically, with

no significant binding observed for the mutant under the experimental
conditions vhere the final concentration ofds-*03 U H D F K H V(Figure O
4.8B). The disastrous effect of the mutation on the binding is surprising
considering that the key residues (Arfgand GIG®% for c-di-GMP binding
remain in place. At the same time, the lack -ofi-<GMP binding for the mutant
also confirms that FimX only possesses a singlie @GMP binding site in the

EAL domain.

Figure 4.8 Isothermal titration calorimetry (ITC) analysis of the effect of
mutation in the EVL motif on-di-GMP binding. (A). Binding of @i-GMP by
the full length FimX. (B). Binding of ci-GMP by the triple mutant FimX
(EVL-AAA).
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4.4 Discussion

Comparisonof the structures of the free anddeGMP bound EAlgimx
domain suggested that the EAL domain does not undergo large conformational
changes upon ligand bindir{§6). The decreases in solvent accessibility in the
EAL domain upon @i-GMP binding are thus likely caused by direct
proteirtligand interaction. The largest decreases are seen in the peptides that
form hydrogerbonds with edi-GMP, consistent with the idea that formation of
hydrogenbonds between the protein and ligand can impede H/D exchange. The
abolishment of the binding fordi-GMP by the mutation of the EVL motif to
AAA reveals the critical roles of the three residues and local structure for
c-di-GMP recognition. Considering the highly similadieGMP binding mode
shared by EAL domains, such critical role of the EAL or EVL motif in
c-di-GMP binding may be common for EAL domains.

The most striking observation of this study is the change of solvent
accessibility in the REC domain and the adjacent linker region upon the binding
of ¢-di-GMP. ITC experiments with the fuléngth FinX and the AAA triple
mutant confirm that FimX only harbors a singlelieGMP binding site in the
EAL domain. Thus, the altered solvent accessibility cannot be attributed to the
direct binding of edi-GMP in this region, but most likely due to a lerapge
conformational change triggered bylicGMP binding in the EAL domain. The
observation is remarkable because the location of the conformational change is

ca. O DZD\ |URIRGMKIihdmg site, and that no significant changes

115



are seen in thatervening PAS and GGDEF domainsow the binding signal

is transmitted over such a long distance in FimX remains an intriguing question

for future exploration.lt also should be noted that the data can also be

accommodated by a classic allosteric motiat assumes the pexistence of

two discrete conformations for the ligafrée FimX. The binding of the ligand

c-di-GMP may just shift the equilibrium towards one of the conformations.
Regardless of the nature of signal propagatitwe, allosteric effectof

c-di-GMP binding hints a mechanistic link between thevitro and in vivo

observations from previous studies and provides an explanation for the

mediation of the cellular talization of FimX by edi-GMP. We propose that

the binding of edi-GMP induce a local conformational change in the region

WKDW HQFRPSDVVHY -PRVDWVFHRIDQZ&HWKH KHOL]

conformational change could prevent the binding of FimX to its partner, a

protein that is putatively localized to the single pole as sugdgstviously55,

61). Instead of acting as a phosptexeiving donain, the defective REC

domain of FimX would function as an effector domain for the interaction with

LWV SDUWQHU- WKURXHKDWIGHWKH DGMDFHQW KHOL]

face may be part of the dimerization interface of FimX as proposed by
Sondermann et al(86) and the binding to the partner could be solely mediated
by the helix linker. In this case, the change in deuteration may also result from a

change of the suburstubunit contact within the dimeric protein, possibly

through a rotation of the REC domain. AhSRVW XOD W H-G -URIOHFHRI WKH

116

OLQNH!

2L



in hetere or home proteinprotein interaction is not unprecedented,
FRQVLGHULQJ WKH FRPRRQVXNBMMHFHRILYKHGLDWLQJ
inter-protein interaction for ChelWke domain proteing27, 44, 104, 149)Note
that dthough we did not observe the change of oligomeric structure upon
c-di-GMP binding under the experimental conditiotig in vitro observations
cannot totally rule outthe possibiliy that c¢di-GMP binding may affect
higherorder oligomer formation in the cells where other protein partners are
present and high local FimX concentration may be attained at the pole of the
bacterial cell. With the postulated effect eflieGMP binding orthe interaction
between FimX and its protein partners or protein oligomerization, it can be
rationalized why theleletion of the EAL domain, or the mutation of the EVL
motif, negatively affects the localization of FimX to the single pole for the
correct asembly of type IV pili

Mediation of bacterial motility through the interaction between flagellar
proteins and the-di-GMP binding proteins YcgR and DgrA iR. coli, S.
TyphinuriumandC. crescentutiave been established recer{l®, 30, 91, 110)
The binding of YcgR and DgrA to their partners is highly dependent on the
concentration of the local-@i-GMP pool. The results presented here suggest
that c¢di-GMP may also act in a similar fashion as an allosteric regulator
controlling the bindig of FimX to its partner in the mediation of the assembly
of type IV pili and twitching motility. In contrast to YcgR and DgrA that

contain a PilZ domain for -di-GMP binding, FimX proteins employ the
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noncatalytic EAL domain as the-di-GMP binding domainThe role of the
noncatalytic EAL domain as-di-GMP binding domain is also reminiscent of

the role of the EAL domain of LapD, B fluorescengrotein that senses
cellular c¢di-GMP level with its cytoplasmic EAL domain and modulates the
function of theoutput domain in the periplasmic spa@8). LapD and FimX

thus represent an increasing number of EAL domain proteins that have lost the
c-di-GMP phosphodiesterase activity and evolved to function as regulatory
domains for binding thallosteric regulator -di-GMP. Given that about 2@5%

of the EAL domains encoded by the bacterial genomes are estimated to be
catalytically inactive, the use of namtalytic EAL domain as -di-GMP
binding domain for the regulation of catalytic or binding function of the output
domain through an allosteric mechanism may be a rather common

phenomenon.

4.5 Summary

FimX is a multidomain signalingprotein required for type IV pili
biogenesis and twitching motility ithe opportunistic pathoged aeruginosa
FimX is localized to the sing pole of the bacterial cell and the unipolar
localization is crucial for the correct assembly of type IV pili. FimX contains a
noncatalytic EAL domain that lacks thedi-GMP specific phosphodiesterase
activity. It was shown that the deletion of the EAbmain or mutation of the

signature EVL motif affects the unipolar localization of FimX. Howeiteras
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not understood how the -terminal EAL domain could influence protein

localization considering that the localization sequence resides in the remote
N-terminal region of the protein.yBusing hydrogesdeuterium (H/D) exchange

coupled mass spectrometry, we found that thdibg of cdi-GMP to the EAL

domain triggers a longange €a. O FRQIRUPDWLRQDO FKDQJH
N-terminal REC domain and adjacent linker. In conjunction with the
observation that the mutation of the EVL motif of the EAL domain abolishes

the binding for edi-GMP, the H/D exchange results provide a molecular

explanaion for the mediation of protein localization and type IV pili biogenesis

by the regulator ci-GMP through a remarkable allosteric regulation

mechanism.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

We have selected three GGDERL didomaincontaining proteins and
utilized both biochemical and biophysical approaches to probe the fumiction
and mechanisms of these proteins. The results presented in this dissertation
have providednsights intothe catalytic and regulatory mechanism of the three
proteins and shed light on the molecular mechanisrdof@MP signaling.

Firstly, the didomain protein PA2567 frofd aeruginosawas used as a
modelto elucidate the catalytic mechanism of EAL domain protdtmzymatic
assays revealed that PA2567 contains a catalytically active EAL domain but an
inactive GGDEF domain. Sk#irected mutagenesis in combination with kinetic
studiessuggests that the essential residue®®lin PA2567 couldassist the
deprotonattn of the water according to the emetal mechanism, or
coordinate a second Mgaccording to the twanetal mechanism. Aonserved
loop 6 in EAL domain has been proposed to not only mediate the dimerization
of EAL domainto stablize itsquarternary struatre but also control -@i-GMP
and Md" ion binding. Together with the study of RocR, my results are
supportive of the Mg or Mn?* ion-dependent catalytic mechanism proposed
for EAL domainsImportantly, based on the sequence analysis of the 5,862
EAL domains in théacterial genomes, we categorized EAL @ams into three

classesto understandhe evolution and biological functiomd the versatile
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EAL domains

Secondly, we investigated how the cytoplasmic didomain prétddGC2
regulates cellulose syhesis in the obligate aeroBexylinumby controlling the
cellular concentration of-di-GMP. We discovered that the PAS domain of
AXDGC2 binds a FAD cofactor necovalently and the redox status of the FAD
cofactor modulates the catalytic activity oetGGDEF domain for-di-GMP
synthesis, with the oxidized form exhibiting higher catalytic activity and
apparent substrate inhibition. The results suggestARaGC?2 is a signaling
protein that regulates cellulardi-GMP level in response to the change of
cellular redox status or oxygen concentration. Moreover, several residues
predicated to be involved in FAD binding and signal transduction were mutated
to examine the impact on redox potential and catalytic activity. However, none
of the single mutationwas able to completely disrupt the signal transmission to
the GGDEF domain, indicating that the change of FAD redox state can still
trigger structural changes in the PAS domain probably by using substituted
hydrogenrbonded water networks. Meanwhile, altgbuthe EAL domain of
AXDGC2 was found to be catalytically inactive towardsli-6MP, it was
capable of hydrolyzing some phosphodiester bommtaining substrates.
Together with the oxygedependent activity of the homologoAsPDEAL, the
results provided ew insights into the relationships between oxygen level,
c-di-GMP concentration and cellulose synthesia.ixylinum

Thirdly, FimX is a didomain protein fronP. aeruginosawith both
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catalytically inactive GGDEF and EAL domains. We have found that the
enzymatically incompetent EAL domain bindsdieGMP with a dissociate
constant 0f0.14 uM. Our hydrogerdeuterium (H/D) exchange study by mass
spectrometry on the fulength FimX reveals that tharfding of ¢di-GMP to

the EAL domain triggers an unexpetteonformational change in theER
domain and adjacent linkelteration of the EVL motif in the EAL domain
abolishes the -di-GMP binding capabilityand the loss of ei-GMP binding
capability correlates with the altered cellular localization of Fir@Ken the
large number of norenzymatic EAL domains encoded by bacterial genomes,
the molecular mechanisms underlying thdi-«GMP induced conformational
change and signal propagation may be conservethar aorenzymatic EAL
domains.

Taken together, théhree GGDEREAL didomain proteins thaplay vital
roles in edi-GMP signaling serve as model systems for the investigation of the
structurefunction relationship inhese proteins. Study of PA2567 supports our
previous proposed catalytic mechanism of EAdM@ins and establishes the
classification scheme of EAL odhains encoded bybacterial genomes.
Investigation of AXDGC2 reveals the first GGDEEAL didomaincontaining
proteins with the DGC activity regulated by the redox status of thelb&ind
PAS domain.Study of FimX indicateshe important roles of the inactive EAL
domain in the regulation of protein cellular localization or

proteinligand/protein interactionBiochemical and biophysical study of the
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three GGDEFEAL didomain proteins described in thisssdertation yielded
valuable knowledge about the catalytic and regulatory mechanisms of these
c-di-GMP signaling proteins. The sties also laiddown the foundation for
further investigation of then vivo function of these proteins in-di-GMP

signaling.

5.2 Future outlooks

The crystal structures (PDB codeH\8W) for the GGDEF domain of
PA2567 was determined by the Northeast Structural Genomics Consortium.
However, the fullength PAB67 structure is still not availabl8ince there has
been ndull-lengthcrystal structure of any GGDHEAL didomain protein, we
would like to determine the structure of the figlhgth PA2567 mtein by
collaboratingwith Dr Julien LHV F D U A¥itt@ddEop approach wilbe used
for protein crystallization andhé X-ray diffraction will be used to solve the
structure. The function of the putative sensor domain GARPA2567
remains to be uncovered.dNferential scanning fluorimetry (DSF) system has
been set up in our lab to screen liggndtein interactionssing a conventional
reattime PCR instrumen{l43). We will investigate the signal sensed by the
GAF domain of R2567 via thismethod. A compound library i®eng
constructed with a large number of small molecules including nucleotides,
amino acids, metabolites and metals ions for ligand screening.

AXDGC2 protein iencoded by one of the thredgoperons in the obligate
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aerobeA. xylinum Each operon encodes a DGC and a f0#otein in tandem.

A recent discovery found that two proteifigDosP andecDosC encoded from

the same operon exhibit DGC and RBEctivity respectively irk. coli. These

two proteins were found to associate into a functional complex and control the
turnover of cellular ai-GMP in cooperation(139) We will clone and
co-express theAXPDE-A2 protein with AXDGC2 to nvestigate thepotential
interaction between these two proteins. Besides the study of the proteins
encoded bydg2operon, we are also interested in tigloperon. There are

two extra genes that encode CdglA and CdglD proteins besidasOC1

and AXPDEA-1. Bioinformatic study shows that CdglA shares high sequence
similarity with a transcriptional factor CLP that is found to be a noxd#@GMP
receptor(16).We will clone, express and purify these two proteins and explore
their putative regulatory roles.

To further explorehe conformational change uponrd:-GMP bindingin
FimX, we will utilize a thiotreactive dye tosite-specifically label the
full-length FimX. Fluorescence spectrometry will be performed to detect any
fluorescence intensity hange of FimX upon -di-GMP titration. Our
preliminary study also demonstrated th@ homolog of FimX (XAC2398) in
Xcc binds b the PilZ protein (XAC1028) through the EAL domaibs),
whereas the binding betwePnaeruginosaFimX and cognate PilZ seems to be
very weak.Hydrogendeuterium (H/D) exchange coupled mass spectrometry

will be performed to investigate the conformational change of XACZ:398
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upon binding of XAC1028.n conjugation withsite-directed mutagenesis,
binding assay will allow us to map out the bimgimotif in the EAL domain for
PilZ interaction, and revealed the mular basis for the lack of binding
affinity between FimX and PilZ i®. aeruginosaFimX. Lastly, by comparison
of the sequences and structural models, we hope to provide a possible

explanaion for the divergence of function for FimX in PilZ binding.
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