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ABSTRACT

Acetate is excreted as a metabolic end productanymmicrobes. Acetate
production has primarily been studied in bactenid archaea but is known to occur in
eukaryotic organisms as well. For example, aceétata@e of the most abundant
metabolites excreted by the fungal pathoGeyptococcus neoformariring
cryptococcosis suggesting that acetate product@aylye important during pathogenesis.
One possible pathway for acetate productio@.imeoformansvolves the enzymes
xylulose 5-phosphate/ fructose 6-phosphate phosblase (Xfp), which can generate
acetyl phosphate from either fructose 6-phospHai®) or xylulose 5-phosphate (X5P),
and acetate kinase (Ack), which can then convetybphosphate to acetate.
neoformansas arACK and twoXFP open reading frames that we've designated as
XFPlandXFP2 and several studies indicate that these tranisaie expressed and/or
upregulated under infectious conditions. Howeuatil now, the Xfp-Ack pathway i€.
neoformansas not been studied.

Here | describe the first characterization of aagyétic Xfp, theC. neoformans
Xfp2. C. neoformanxfp2 was found to display both substrate coopeitsttand
allosteric regulation.C. neoformanfp2 showed positive cooperativity in regards to
F6P and X5P binding and negative cooperativityfdsinding. Activity was inhibited
by ATP, phosphenolpyruvate (PEP), oxaloacetic £0A) and glyoxylate and
activated by AMP. Both PEP and OAA were founditodkat the same or possess

overlapping allosteric sites on the enzyme.



Prior to this characterization &f. neoformanfp2 the only other
phosphoketolases characterized have been fromriza@ed none report the presence of
substrate cooperativity or allosteric regulatidrnerefore Lactobacillus plantarunxfp
was re-characterized to determine if the enzymeetisubstrate cooperativity and/or
allosteric regulationL. plantarumXfp displayed negative cooperativity fornding
and was also allosterically inhibited by PEP, OA# @lyoxylate, but activity was
unaffected by the presence of AMP or ATP. LikeneoformanXfp2, PEP and OAA
were found to share the same or overlapping aliocsddes orlL. plantarumXfp. This
study proved that substrate cooperativity and tdlasregulation exist for at least some
bacterial Xfps.

Models ofC. neoformanxfp2 monomer and dimer were generated from exgstin
bacterial Xfp crystal structures. Since bactaaiad eukaryotic Xfps may share the
PEP/OAA allosteric site, ligand docking simulatiomsre performed with PEP and OAA
in various proposed binding sites on theneoformanxfp2 model. Site-directed
mutagenesis was performed on residues predictegdimgen bond with PEP and OAA
within these sites. However, these studies haveyeveal the location of the
PEP/OAA allosteric site. More recently the Xfp2ndir model has revealed new sites

formed between monomers that could serve as théd?ZPallosteric site.
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CHAPTER 1

LITERATURE REVIEW OF XYLULOSE 5-PHOSPHATE/ FRUCTOSE

PHOSPHATE PHOSPHOKETOLASES FROM BACTERIA AND FUNGI

l. INTRODUCTION

Acetate is excreted from the cell as a metabolic@oduct in many microbes of
the Bacteria, Archaea and Eukarya. Acetate extretiiows for the regeneration of
NAD" consumed during glycolysis, recycling of coenzy®gCoASH) required for
generating the central metabolic intermediate &€&hA, and production of ATP under
conditions in which the TCA cycle is not fully op¢ional (1). However, extracellular
acetate dissociates, posing a problem to the gelthifying the surrounding
environment, but one way the cell can overcomegtoblem is by importing
extracellular acetate and utilizing it as a carboarce (2,3). Therefore, cells must
maintain a balance between acetate excretion dimhtibn. The studies presented in
this dissertation suggest that the regulation igfphocess is far more complex than

anticipated.

The primary pathways for acetate production in &a&typically involve the
enzyme acetate kinase (Ack) which converts acétgEphate to acetate and energy in

the form of ATP (4). Ack primarily partners withd acetyl phosphate producing



enzyme phosphotransacetylase (Pta), found in bactere genus of methane producing
archaea, and green algae, which generates acetgppate from excess acetyl-CoA.
Ack can also partner with xylulose 5-phosphatet¢tivae 6-phosphate phosphoketolase
(Xfp), which is found in lactic acid bacteria anth§ji that generate acetyl phosphate
from pentose phosphate pathway end products x@gshosphate (X5P) or fructose 6-
phosphate (F6P) (4). Additionally, both the PtacAaad Xfp-Ack pathways provide
mechanisms for controlling cellular concentratiohscetyl-phosphate, which plays an
important role in signal transduction (1). Sometbaa includingescherichia colhave

an acetate forming pyruvate oxidase (PoxB) thaegns acetate from pyruvate (1).

Most studies of enzymes involved in acetate pctidn have been in bacteria.
However, acetate is a major metabolic end produetikaryotic microbes as well, and
many of the enzymes and pathways involved in aegiatduction in bacteria can be
found in eukaryotic organisms (4-6). This chajmegins with a review of acetate
production in bacteria, archaea, and eukaryotérdture describing acetate production
via the Xfp-Ack pathway (which until now had notdpestudied in eukaryotic microbes)
will be focused on in this chapter and is the c@ritreme throughout this dissertation.
Also, a brief overview will be given on the pathagefungusCryptococcus neoformans
highlighting evidence of the utilization of the Xfxk pathway during cryptococcal

infections.



Il. ACETATE PRODUCTION

Acetate Production in Bacteria

Many studies have focused on the production aiidation of acetate in bacteria.
Bacterial cells perform what is referred to as“dmeetate switch” in which cells transition
from a condition of rapid growth, where acetatexsreted, to a period of slow growth
following the depletion of essential carbon souyedsere cells begin to scavenge, import
and utilize acetate as a carbon source, allowiog/trto continue (1). Acetogenesis, the
excretion of acetate, occurs as a result of thdseeregenerate coenzyme A (CoASH)
for acetyl-CoA production and NATfor glycolysis, and it provides a mechanism for
generating ATP under conditions in which the TCAleyis not fully functioning (1).

The accumulation of both intracellular and extrhdal acetate can be toxic to the cell
(2,3). Therefore, it is essential for cells to ntain a proper balance between the benefits
of acetate production and excretion and the upaakkeutilization of acetate as a carbon

source when necessary.

E. coliproduces acetate aerobically during periods atirgpwth on glucose,
which ultimately inhibits respiration, and anaecaly during mixed-acid fermentation
(1,7). Acetate is produced i colithrough a pathway involving Pta (EC 2.3.1.8; Eq.
1.1]) and Ack (EC 2.7.2.1; Eq. 1.2) (1,4,8) or hg enzyme pyruvate oxidase (PoxB, EC
1.2.5.1; Eq. 1.3) (1). Inthe absence of oxygenRta-Ack pathway also serves as a

source of ATP when a branched form of the tricagtioxacid (TCA) cycle is utilized



that does not generate energy (1). Deletion oPtlacAck pathway ifE. coliresults in
highly reduced acetate production but increaseel$enf formate and lactate (3) while
deletion of PoxB primarily causes a reduction ionbass and growth efficiency under
aerobic conditions (3,9) . Therefore, the Pta-pakway primarily contributes to
acetate production during anaerobic fermentatioilewRoxB functions primarily under
aerobic conditions. In addition to redirecting@®t-CoA overflow and generating ATP
under hypoxic conditions, the Pta-Ack pathway a&eves as the primary influence over
intracellular acetyl phosphate concentrations. tgghosphate is a high-energy form of
phosphate that plays important roles in signalswlaction (1,10,11). For example, signal
transduction in bacteria often involves a two congya signal transduction pathway.
These two component signaling pathways typicaNpive the phosphorylation of a
histidine kinase that in turn phosphorylates vasimesponse regulators resulting in the
activation of the signaling pathway process (12-1#has been shown that acetyl
phosphate can act as the phosphoryl donor for bmgponent response regulators via
direct phosphoryl transfer (14). Additionally, adgphosphate has been found to
regulate other important bacterial processes ssidhodilm development (11) and

flagellar expression (15).

acetyl-CoA + P— CoA + acetyl phosphate [Eq. 1.1]
acetyl phosphate + ADP acetate + ATP [Eq. 1.2]
pyruvate + ubiquinone +J4@ — acetate + ubiquinol + GO [Eq. 1.3]



In addition to Pta, Ack can also partner with Xfidactic acid bacteria (16) and
bifidobacteria (17). Xfp generates acetyl phosepliedm the pentose phosphate pathway
end products X5P (EC 4.1.2.9; Eq. 1.4) and F6P4HQ.22; Eq. 1.5) which can then be
converted to acetate and ATP by Ack (Eq. 1.2) (#,The Xfp-Ack pathway will be
discussed in greater detail later on in this clrap@her enzymes that produce the Ack
substrate acetyl phosphate include glycine redadg€ 1.21.4.2; Eq. 1.6), and related
enzymes sarcosine reductase (EC 1.21.4.3) anchbetaductase (EC 1.21.4.4),
sulfoacetaldehyde acetyltransferase (Xsc; EC A8, ¥q. 1.7), and acetyl phosphate
forming pyruvate oxidase (Pox; EC 1.2.3.3; Eq).1:Bhese enzymes are present in

various bacteria but are not founddncoli, archaea, or eukaryotes.

xylulose 5-phosphate + P acetyl phosphate + glyceraldehyde 3-phosphatq. 1E]

fructose 6-phosphate +- acetyl phosphate + erythrose 4-phosphate [Eq. 1.5]

glycine + P+ thioredoxin— acetyl phosphate + N thioredoxin disulfide [Eq. 1.6]

2-sulfoacetaldehyde + P> acetyl phosphate + sulfite [Eq. 1.7]

pyruvate + P+ O, — acetyl phosphate + GG H,O, [Eq. 1.8]

Acetate Production in Archaea

The Pta-Ack pathway is also found in one genema&thane producing archaea,
Methanosarcinawhere acetate is utilized to produce methane (It8)as been shown in
Methanosarcina thermophildnat Ack and Pta are produced in greater quasiitieells

grown on acetate versus methanol (19,20). Sihcidnermophilais a thermophile, the



Ack and Pta enzymes from this organism have beewrsko be active at temperatures
up to 70°C, but activity is greatly reduced at legtemperatures (19,20). Additionally,
gene knockouts of either Ack or PtaNtethanosarcina acetivoranmevents growth on
acetate and carbon monoxide suggesting that bdtreAd Pta are essential (21).
Therefore, ilMethanosarcinahe Pta-Ack pathway primarily acts in the direotaf
acetate activation to acetyl-CoA rather than aegtabduction (22). However, acetate
and formate rather than methane are the primarglmkt end products dfl.
acetivoranggrown on carbon monoxide suggesting that undsrdbindition the Pta-Ack

pathway acts in the direction of acetate and ATdipction (21).

Pyrococcus furiosysa hyperthermophilic archaeon, has an ADP-fornaioetyl-
CoA synthetase (Acd; EC 6.2.1.13; Eq. 1.9) thatlgaes, under physiological
conditions, the reversible conversion of acetyl-GoAcetate and ATP (23R. furiosus
can grow at temperatures up to 105°C, and Acd tresnorganism shows optimal
activity at 90°C. In addition to acetyl-CoA, Acdrtalso utilize propionyl-CoA (100%)
and butyrl-CoA (92%) as substrates (23). Acd wuzs described iP. furiosusbut has
since been discovered and characterized in sonee atbhaea, includingrchaeoglobus
fulgidus(24), Methanococcus jannaschiR4),Haloarcula marismortu(25) and

Pyrobaculum aerophilun25).

acetyl-CoA + P+ ADP — acetate + ATP + CoA [Eq. 1.9]



Acetate Production in Eukarya

Ack and partner enzymes were originally thoughatist only in bacteria and one
genus of methane-producing archaea, but have raceatly been identified in
eukaryotic organisms as well (4,26). The Pta-Aathway has been discovered in green
algae and the oomyce@hytophthora4) but has thus far only been studied in themgree
algaChlamydomonasAcetate is a major fermentation producCblamydomonas
grown under dark, anoxic conditions (27. reinhardtiihas two Pta-Ack pathways, and
it has been suggested that one may function iditeetion of acetate activation while
the other functions in the direction of acetatedpiciion (4), though more recent evidence
contradicts this hypothesis (27¢hlamydomona&NA levels of Ackl, Ack2, Ptal and
Pta2 are increased following growth in dark, anbieroonditions suggesting they are
involved in the production of acetate and ATP urttlese conditions (27). More
recently, it has been discovered that Ackl and Rta2ocalized to chloroplasts while
Ack2 and Ptal are localized to the mitochondriangyat al. Plant Celh pres3. A
reduction of excreted metabolites was observed of the double and single mutations
of these enzymes except forark2single mutant suggesting that Bereinhardtii
chloroplast play the dominant role in acetate potidn under dark anoxic conditions. A
double mutation ohcklack2showed no acetate kinase activity; however acetagestill
produced and excreted under anoxic conditions siggethe presence of other acetate
producing pathways in this organism (Yang et danPCell, in press). Additionally,

none of theC. reinhardtiiack/pta knockouts show a growth defect on acstaggesting



that neither of the two Pta-Ack pathways contritotacetate utilization (Yang et al.,

Plant Cell, in press) as previously suggested (4).

Even thougACK open reading frames (ORFs) have been identifidubih
euascomycete and basidiomycete fungt;TA ORF has yet to be found (4). Instead, all
fungi with aACK ORF have at least one and in some caseX#ORFs suggesting
that Ack partners with Xfp in fungi as in lacticiddacteria an@ifidobacteria(4).
Additionally, fungi can generate acetate from pwtewia the pyruvate dehydrogenase
bypass utilizing the enzymes pyruvate decarboxylgde; EC 4.1.1.1; Eq. 1.10) and
acetaldehyde dehydrogenase (Ald; EC 1.2.1.5; H4) 128,29). A deletion of the
acetaldehyde dehydrogenase gele®6 andALDS5 in Saccharomyces cerevisiae
significantly decreases acetate production durimageobic growth on glucose (29).
Some fungi may also produce acetate using the AbiRihg acetyl-CoA synthetase
(Acs; EC 6.2.1.1: Eq 1.12). Balmonella entericécs activity is regulated through post
translational modification of Lys609. Acetylationthis lysine residue reduced activity
while activation of the acetylated enzyme requiledcetylation by CobB, an NAD
dependent deacetylase of the sirtuin (Sir2) faif@B). The sam8. entericaAcs lysine
residue is conserved in the fungalpergillus nidulang\cs. Analysis of Acs purified
from A. nidulansunder both aerobic and anaerobic conditions shdiatdinder
anaerobic conditions Acs had a higher kinetic &ffi(K)) for acetate over acetyl-CoA.
Immunoblotting analysis of Acs frol. nidulansgrown under anaerobic conditions with

an anti-acetyl-lysine antibody showed it is acagdeaon lysine residues, but the identity



of the acetylated lysine was not reported (31)er&fore A. nidulansAcs may function

in the direction of acetate production upon acéityfaunder anaerobic conditions (31)

pyruvate— acetaldehyde + GO [Eq. 1.10]
acetaldehyde + NADP- acetate + NADPH + H [Eq. 1]1
acetate + ATP + CoA» acetyl-CoA + AMP + PP [Eq. 2]1

Acd, originally identified in thermophilic archaeahich can generate acetate
from acetyl-CoA (Eq. 1.9), has been found in twataahondriate protistS;iardia
lamblia andEntamoeba histolyticé32). G. lambliaAcd functions primarily in the
direction of acetate formation, and despite utiigvarious assays, acetyl-CoA forming
activity has yet to be detected. Enzymatic propeidf Acd indicate that it serves as a
primary source of ATP i. lamblia(32). NativeE. histolyticaAcd has also been
characterized and found to require the presen&g &IDP and a divalent metal cation for
activity. E. histolyticaAcd prefers magnesium, iron or manganese for ithedaht metal

cation, and is unable to utilize AMP and; AR place of ADP and;H33).

Additional sources of acetate, other than thoseipusly mentioned, have been
identified in some parasitic helminthes (34), @Btsti(34) and algae (35). An
acetate:succinate CoA transferase (Asct; EC 2,86%181.13), identified in some
protists, including-asciola hepaticaTrichomonas vaginalisandTrypanosoma brucei

is responsible for acetate production in mitochazitike organelles (34). Additionally



some eukaryotic microbes contain an acyl-CoA hysel(Ach; EC 3.1.2.1; Eq. 1.14),

which has been found to be responsible for acetai@duction in peroxisomes (34,35).

acetyl-CoA + succinate> acetate + succinyl-CoA [Eq. 1.13]

acetyl-CoA + HO — acetate + CoA [Eq. 1.14]

Regulation of Acetate Producing Pathways

In some bacteria it has been shown that the Adkeaenzyme Pta is
allosterically regulated. Allosteric enzymes argulated by the binding of ligands that
induce a conformational change influencing substoatding and catalysis (36). There
are two types of Pta enzymes designated as PtePiatd Only Ptall enzymes exhibit
allosteric regulation. Ptall enzymes consist af tomains while Ptal has only one
domain. Both Ptals and Ptalls share homologyeir 6-terminal domains, which
contains the substrate binding site. The N-tertrdoanain, present in Ptall but not in
Ptal, is the primary contributor to Ptall allost€¢By,38). The allosteric nature of Pta has
primarily been explored i&. coli (37) andS. entericg38). In the direction of acetyl
phosphate productiok.,. coli Ptall is inhibited by NADH and ATP and activateg b
pyruvate and phosphoenolpyruvate (PEP) (37). Iratetyl phosphate forming direction
S. entericaPtall is inhibited by NADH and ATP and activateggyruvate, and studies
suggest that the N-terminal domain serves as asérsthese two ligands (38). The
intricate regulation of Pta, as demonstrated iufgdL.1 showing the influences and
effects ofS. entericaPtall regulation as it fits with overall cellularetabolism (38),

suggests that Ptall serves as an important sefseflolar energy status.
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Most of the characterized Ack enzymes have beewssltio follow standard
Michaelis-Menten kinetics; however a few studieggast the presence of substrate
cooperativity and allosteric regulation (39,40)n élder study from 1979 stated that
Bacillus stearothermophilua&ck displayed sigmoidal kinetics for ATP bindingthe
direction of acetyl phosphate formation, but tmgyme did not display sigmoidal
kinetics for substrates in the direction of acetatenation (39). AdditionallyB.
stearothermophilug\ck activity in the acetyl phosphate forming diten was activated
in the presence of fructose 1,6-bisphosphate (88)y recently, both Ack enzymes
(designated as AckAl and AckA?2) frdmactococcus lactisvere reported to be
allosterically regulated (40). In the directionamfetate formation, both lactis AckAl
and AckA2 are inhibited by fructose 1,6-bisphosphaith half maximal inhibitory
concentrations (1§g) of 17 mM and 43 mM, respectively. The cleavafjuxrtose 1,6-
bisphosphate that occurs during glycolysis resaltee products glyceraldehyde 3-
phosphate (G3P) and dihydroxyacetone phosphate @)H®¥hile DHAP had little
effect on AckAl and AckAZ2 activity, G3P inhibitedth enzymes, but it inhibited
AckAl to a greater extent than AckA2. Additionalllge downstream glycolysis
intermediate PEP inhibits both AckAl and AckA2 wi@s of 15 mM and 18 mM,
respectively (40). The authors conclude that s control of AckAl and AckA2 by
major glycolytic intermediates provides a mechanismvhichL. lactiscan
instantaneously switch between homolactic and maad fermentation depending on

the availability of quickly or slowly metabolize@mbohydrate sources (40).
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lll. XYLULOSE 5-PHOSPHATE/ FRUCTOSE 6-PHOSPHATE

PHOSPHOKETOLASE (XFP)

Xylulose 5-phosphate/ fructose 6-phosphate phosgibtdse (Xfp) is a thiamine
pyrophosphate (TPP)-dependent enzyme that catalyeenversion ofRnd xylulose
5-phosphate (X5P) or fructose 6-phosphate (F6BEétyl phosphate and glyceraldehyde
3-phosphate (G3P) or erythrose 4-phosphate (Ed8pectively. Xfp functions as a key
enzyme of the phosphoketolase pathway in lactd lacteria, shown in Figure 1.2, (41)
and the fructose 6-phosphate shunt in bifidobaci@rr). Xfp was originally thought to
exist only in bacteria, blXFP ORFs have more recently been identified in euscetey
and basidiomycete fungi as well (4). Until nowy#HXlfp from bacteria have been
biochemically and kinetically characterized. NatXfp fromBifidobacterium animalis
(17) along with recombinant Xfp frofractobacillus plantarung16), Bifidobacterium
breve(42), Lactococcus lacti$43),Leuconostoc mesenteroid@s) andPseudomonas
aeruginosa43) have been purified and characterized. Atheke bacterial enzymes
were reported to follow Michaelis-Menten kinetieglavere found to possess dual
substrate specificity for both F6P and X5P. Maattbrial Xfps, with the exception 8f
animalisXfp (17), display higher affinity for the subs&aX5P over F6P (16,43) (kinetic

parameters for X5P were not reportedBoibreveXfp).

An Xfp reaction mechanism originally proposed by¥eeset al. (16) forL.

plantarumXfp has since been supported by the structureysisabfB. longumXfp (44).
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Yeveneset al proposed that Xfp follows a ping pong bi bi kisehechanism depicted in
Figure 1.3 (16). In this mechanism, the phosplagessubstrate, in this case X5P, first
interacts with enzyme bound TPP. The TPP-X5P nm¢gliate forms enzyme bound 2-
a,p-dihydroxyethylidene-TPP (DHETPP) following the stigiation of G3P. DHETPP
undergoes a dehydration reaction to form enzymadbemolacetyl-TPP which
undergoes ketonization to form enzyme bound 2-&tleigmine pyrophosphate
(AcTPP). Following nucleophilic attack by inorgamhosphate (| acetyl phosphate is
released, and enzyme bound TPP is free to intaiffitadditional substrate.

Interestingly the proposed reaction mechanism stgdkat the formation of G3P or E4P

from the substrates X5P or F6P respectively odcutise absence of;.P

To date only the structures of tBebreveXfp (42) and thaBifidobacterium
longumXfp (44) have been reported. Figure 1.4 showsliimer (a) and monomer (b)
structures oB. breveXfp (42). The Xfp structures show that the monogunsists of an
N-terminal (PP domain), middle (PYR domain) ande@xinal domain with the active
site located between the PP and PYR domain, anchitienum functional unit of the
enzyme exists as a dimer. TPP binds within a degpow channel in a V-conformation
leaving the reactive C2 atom exposed to solveherd are several active site residues
conserved between Xfp and the related TPP depeedegine transketolase (TK), an
enzyme of the pentose phosphate pathway that zatatite reversible reaction to convert
X5P or ribose 5-phosphate to G3P or sedoheptulgde3phate respectively. One
residue, Glu479, is found in most TPP dependengreag and activates TPP through the

formation of a hydrogen bond between the Glu476 sithin and TPP’s N1' atom of
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pyrimidine. Replacement of Glu479 with Alan breveXfp (42) or Asp inB. longum
Xfp (44) completely abolished activity. Furtheradysis of conserveB. breveXfp and

S. cerevisiad K histidine residues showed that alteration esthresidues either severely
reduced or completely abolished activity (Table) iiggesting that at least the initial
Xfp mechanism follows that of other TPP dependeaiymes (42). The Xfp reaction
differs from that of TK primarily by the dehydrati@f DHETPP and nucleophilic attack
of ACTPP by Pneither of which occur in the TK reaction. A Sgeobserved in thB.
breveAcTPP intermediate Xfp structure that holds a watelecule believed to be
derived from the dehydration of DHETPP. A sim##e is also found in TK, but in TK
this site is located at a greater distance away titee DHETPP intermediate which may
be why dehydration of DHETPP in TK does not occAilso, it has been proposed that
the C-terminal domain of TK acts as a regulatomndm (45), and this could also be the
case for the C-terminal domain of Xfp. In summatydies oB. breveandB. longum
Xfp active sites in comparison with the relatedyene TK fromS. cerevisiadave

provided important information on how the Xfp reantproceeds.
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IV. CRYPTOCOCCUS NEOFORMANS

Cryptococcus neoformana basidiomycete soil fungal pathogen, is theifepd
cause of fungal meningitis worldwide. It was dally identified as a human pathogen
in 1894. After undergoing several name changegas termed its current identification
of C. neoformangaround 1950 when many laboratory investigationthisf organism
began (46,47). The onset of the AIDS pandemicdgirowith it a surge of cryptococcal
infections (48,49). The global burden of cryptaralaneningitis in 2006 was estimated
to be around one million cases that resulted in@pmately 625,000 deaths, most of
which occurred in sub-Saharan Africa due to thesaéarden of HIV in this area (49).
Cryptococcal meningitis causes more deaths in subFan Africa than tuberculosis,
which often receives far greater public attentiBig(re 1.5) (49). Current treatments for
cryptococcal infections often involve a combinatadramphotericin B and fluconazole
both of which target ergosterol, a component obalrmembranes not present in plants
or animals. However, these drugs can exhibit gty harmful side effects and
treatment is often long term to prevent the reeereg of infection, especially in HIV

patients (50).

Individuals come into contact with. neoforman®asidospores from
environmental sources such as rotting trees and@uiaminated with bird guano, which
is believed to provide a favorable growth environirfer this fungus (48,51). Spores are

inhaled into the lungs where they can cause an ohrateinfection that is often cleared
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by host immune defenses, or the fungus can erterraant state while remaining in the
host. If an individual’'s immune system later beesmaompromised, the dormant form
can re-emerge and potentially disseminate throbgibkood stream, cross the blood-
brain barrier, and cause cryptococcal meningitiguie 1.6) (51). Originally.
neoformansvas classified into four serotypes designated AC Bnd D, where serotype
A was associated witB. neoformansar. grubii, serotype D was associated with
neoformangar. neoformansnd serotypes B and C were associated @itheoformans
var.gatti (47,51). More recentl¢. neoformansargatti has been recognized as the
separate speci€x gatti(52,53). C. neoformansar.grubii and varneoformansre
encountered most often in isolates from infecteD3 patients (47,51). Originally
considered less virulent,. gattihas begun to emerge as a pathogen of even
immunocompetent individuals and was the causeretent outbreak of cryptococcal
infections on Vancouver Island in British Columbiznada (54). The progressionf
gatti as a pathogen of immunocompetent individualsaen@hg considering it shares

many characteristics known to contribute to pathagty in C. neoformangs5).

A number of factors have been identified that ai@i neoformansability to
combat and overcome host defenses. One factantedder C. neoformans
pathogenicity is its ability to grow at 37 °C, tteenperature encountered during
infection, which is an unusual characteristic faod fungus (56). For example,
cryptococcal specigSryptococcus podzolicuike C. neoformansandC. gattipossess
other virulent attributes such as a protective gkgpand melanin production, but it is

incapable of growing at elevated temperatures tedefore, does not cause infection
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(56,57).C. neoformanss surrounded by a protective polysaccharide dapbkat
primarily protects the cell by limiting phagocytssthe first line of host defense, and
much research has been devoted towards undersgacafsule synthesis and
composition as drug targets for cryptococcal infe (58-61). AdditionallyC.
neoformangroduces and excretes several extracellular erzgoneh as laccase,
phospholipase B, and urease that have also beamgbaid in virulence (55). Both
laccase and phospholipase B are localized to thevakt where laccase mediates
melanin production and phospholipase B has beenrstwmaid in cell wall integrity (55).
Additionally phospholipase B is secreted outsidedéll and has been shown to aid in
extracellular pulmonary dissemination by degradimy surfactant and phagolysosomal
membranes upon phagocytosis (55,62,&3)neoformangroduces large amounts of
urease that catalyzes the breakdown of urea to amamaod carbamate which may

enhance central nervous system invasion (55,64,65).

In addition to mechanisms that aid in protectiod dafense from the hostile host
environmentC. neoformanpossesses a surprising tolerance to hostile envieats as
well. It has been shown th@t neoformangan reside inside the acidic environment of
the phagolysosome of human macrophages. In faatntent of phagolysosomes
containingC. neoformansvith chloroquine, which increases lysosomal plsuted in
antifungal activity, suggesting th@t neoformanss highly adaptable to acidic pH and
less tolerant to alkaline pH (66L. neoformanglso produces and deposits melanin
within its cell wall which provides a stable poptida of free radicals that is believed to

confer protection from oxidative killing by macraages (67).C. neoformarnisability to
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reside within phagolysosomes has been proposednastaanism of crossing the blood
brain barrier in what is termed a Trojan horseefssation model (47). In support of
the Trojan horse dissemination model, cryptocolazdn monocytes have been found in

the brain suggesting that they can cross the Hboaih barrier in this manner (68).
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V. POSSIBLE ROLES OF ACETATE PRODUCING PATHWAYS RUNGI

Acetate has been identified as one of the two mimshdant metabolites produced
and excreted during cryptococcal infections (Sh@wever, the role acetate plays
particularly during infection remains unknown. dddition to the metabolic benefits of
acetate production, such as the generation of AiPregeneration of coenzyme A, there
is evidence that. neoformansnay excrete acetate as a means of acidifying the
extracellular environment. Alkaline pH has bednlaited to the killing ofC.
neoformangwvithin macrophages (66,69) suggesting that elevaké may be harmful to
C. neoformansells. Additionally, the pH of cryptococcomas lheen found to be

between 5.4 and 5.6 in vivo (6) which could beradtiresult of excreted acetate.

Several routes for acetate production exist imeoformangFigure 1.7). The
Xfp-Ack (Eg. 1.4, 1.5, and 1.1) pathway has beescalered as a possible source of
acetate in basidiomycete and euscomycete fungiA#ungi lack Pta, therefore, Ack is
believed to partner with Xfp as part of a modiffgghtose phosphate pathway to generate
acetate from pentose phosphate pathway productooKBBP. Phylogenetic analysis of
fungal Xfps shows that these sequences separatenatdistinct clusters that have been
designated as Xfpl and Xfp2 (Ann Guggisburg, Tohgglor and Kerry Smith,
unpublished data). All fungi that have an Ack havéast one and in some cases, such

asC. neoformanstwo Xfp ORFs (4). As with the yeaSt cerevisiagacetate could be
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produced irC. neoforman$rom pyruvate through the actions of Pdc (Eq. L&itd Ald

(Eq. 1.11) (70).

Evidence for a role of an Xfp-Ack partnership nogucing ATP under the
hypoxic conditions encountered in infectious tissuerhich oxidative phosphorylation is
limited originates from RNA expression studies.tiB8. neoformanXfp2 and Ack
have been shown to be upregulated under hypoxidittoms typically encountered in
infectious tissue (71). Additionally Xfp2 has bedtown to be expressed@
neoformangells collected from the lungs of infected micewever this same study also
shows elevated expression of Pdc, suggestinglibd®dc-Ald pathway could also be
involved in acetate production under this condiijéd®). Ack has been found to be
expressed iil€. neoformangollowing macrophage engulfment (72) suggestirag th
acetate production and concomitant production oPAY Ack may be advantageous in
this harsh environment, which includes limiting gey and nutrient availability. All of
these studies suggest that an Xfp-Ack partnerslaip play both an important nutritive
and mechanistic role in controlling surroundingiemvmental conditions to aid in cell

survival within infectious tissue.

Currently there have been no studies on the plogicdl role of Xfp inC.
neoformanshowever, a few studies provide some evidencesabie in other fungi. An
Xfp2 homolog in the insect fungal pathogdetarhizium anisopliaés required for full
virulence (73), providing the first physiologicalidence that Xfp2 may be important

during fungal infections. The filamentous fung\spergillus nidulansias an Xfpl and
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Ack but no Xfp2. Overexpression of Xfpl A nidulansresulted in increased specific
growth rate on xylose, glycerol and ethanol but haeffect on growth on glucose (74).
Therefore, Xfpl was attributed to providing greatarbon metabolism flexibility ir.
nidulansfor growth on non-optimal carbon sources. Thsidis yeast
Schizosaccharomyces pombéhe only yeast identified to have an Xfp, bejiog to the
Xfpl family with no Ack, providing evidence of adidinal functions for Xfp besides
acting as an Ack partner enzyme. Microarray sttleeve indicated increased Xfp RNA
levels inS. pombéollowing exposure to environmental stresses sischxidative stress
due to hydrogen peroxide, heavy metal stress byiad sulfate, heat shock stress,
osmotic stress by sorbitol, and alkylating str&€g.( Additionally, aS. pombeXfp

mutant was capable of growing on rich YES (yeasitagk-sucrose) medium containing
glucose between 29 — 32 °C, however, the abilitthisf mutant to grow under stressful
conditions has not been reported (76,77). As studontinue to shed light on the
physiological role of acetate production and pdssibles of Xfpl, Xfp2, and Ack in
fungi, biochemical knowledge is lacking in regatdshe function of any of these

enzymes in eukaryotic organisms.

In addition to the production of acetate, thasmort and utilization of acetate as
an alternative carbon source is important du@ngeoformangnfection as well. The
acetate transporter Ady2 along with the enzymeya€xiA synthetase (Acs) have both
been shown to be upregulateddnneoformansells collected from the lungs of infected
mice (70), suggesting th@& neoformansakes up acetate and uses Acs to convert it to

the central metabolic intermediate acetyl-CoA. diieh of C. neoformang#\cs results in
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poor growth on acetate, ethanol and glycerol (FeduBa). Also, Acs deletion mutants
demonstrate attenuated virulence in a mouse inbalatodel (Figure 1.8b) (70).
Additionally, enzymes of the glyoxylate cycle, ntalaynthetase and isocitrate lyase, are
also upregulated during infection (70,78). Thenany role of the glyoxylate cycle is to
produce energy from simple two carbon molecules siscacetate and ethanol when
glucose availability is limiting. Further studigisowed thaC. neoformanssocitrate

lyase deletion mutants were unable to grow on &Eeaka sole carbon source yet
demonstrated no defect in animal virulence modebsaefect in growth within the
macrophage. Therefore, even though glyoxylateecgnzymes are upregulated during

infection, these enzymes are not required for ooietil pathogenesis (78).
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ThDP
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TABLE 1.1 Kinetic parametersfor B. breve Xfp wild type and variants (Ref 42).
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CHAPTER 2

BIOCHEMICAL AND KINETIC CHARACTERIZATION OF XYLULOSE 5-
PHOSPHATE/ FRUCTOSE 6-PHOSPHATE PHOSPHOKETOLASKRR2) FROM

CRYPTOCOCCUS NEOFORMANS

Katie Glenn, Cheryl Ingram-Smith, and Kerry S. $mit

l. ABSTRACT

Xylulose 5-phosphate/fructose 6-phosphate phospblalse (Xfp), previously
thought to only be present in bacteria but recefoilyd in fungi, catalyzes the formation
of acetyl phosphate from xylulose 5-phosphate wrtése 6-phosphate. Here we
describe the first biochemical and kinetic chanazé¢ion of a eukaryotic Xfp, that from
the opportunistic fungal pathog@myptococcus neoformanwhich has twoKFP genes
(designatecKFP1andXFP2). Our kinetic characterization &f. neoformanXfp2
indicated the existence of both substrate coopénator all three substrates and
allosteric regulation through the binding of effaamnolecules at sites separate from the
active site. Prior to this study Xfp enzymes framo bacterial genera had been
characterized and were determined to follow Micisalenten kinetics.C. neoformans

Xfp2 is inhibited by ATP, phosphoenolpyruvate (PBERY oxaloacetic acid (OAA) and
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activated by AMP. ATP is the strongest inhibitathaa half maximal inhibitory
concentration (I16) of 0.6 mM. PEP and OAA were found to shareshmme or have
overlapping allosteric binding sites while ATP bsnat a separate site. AMP acts as a
very potent activator; as little as 20 uM AMP igahle of increasing Xfp2 activity by
24.8 = 1.0% while 50 uM prevented inhibition by @61 ATP. AMP and PEP/OAA
operated independently, with AMP activating Xfp2laEP/OAA inhibiting the
activated enzyme. This study provides valuablgitsnto the metabolic role of Xfp
within fungi, specifically the fungal pathog€hryptococcus neoformanand suggests

that at least some Xfps display substrate cooperainding and allosteric regulation.
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[I. INTRODUCTION

Cryptococcus neoformanan invasive opportunistic pathogen of the central
nervous system, is the most frequent cause of fungaingitis resulting in more than
625,000 deaths per year worldwide (1,2). Exposuf2 neoformanss common, as it is
an environmental fungus found in the soil and aaterethe lungs through inhalation,
leading to pulmonary infection. An increased i@tenfection occurs in individuals with
impaired cell-mediated immunity, particularly thasigh AIDS and recipients of

immunosuppressive therapy.

Acetate has been shown to be a major metaboléased byCryptococcusiuring
infection (3-5), but the significance of this istikmown. Genes encoding enzymes from
three putative acetate-producing pathways and twatipe acetate transporters have
been shown to be upregulated during cryptococdetiion (6), suggesting acetate

production and transport may be a necessary anidteegpart of the pathogenic process.

One pathway for acetate production is composedenénzymes xylulose 5-
phosphate/ fructose 6-phosphate phosphoketolagpg &4t acetate kinase (Ack). Xfp
catalyzes the breakdown of xylulose 5-phosphatd*(%&%P + P« acetyl-phosphate +
glyceraldehyde 3-phosphate; EC 4.1.2.9) or frucépbosphate (F6P; F6P +8
acetyl phosphate + erythrose 4-phosphate; EC 22).2Ack utilizes the acetyl
phosphate product of the reaction to produce axet®TP (acetate + ATk acetyl

phosphate +ADP; EC 2.7.2.1). These enzymes forrodified pathway, termed the
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pentose phosphoketolase pathway, in lactic acittbaand bifidobacteria (7). This
pathway is utilized in the heterofermentative ddgteon of pentoses and hexoses to the
end products Cg) ethanol, acetate and lactate (8). Xfp can cdarX®P generated at the
end of the oxidative phase of the pentose phosyadtevay to glyceraldehyde 3-
phosphate, which can enter the glycolytic pathveay acetyl phosphate, which Ack can

convert to acetate to generate ATP.

Only the Xfp enzymes from the lactic acid bact@&ifdobacteriumspecies and
Lactobacillus plantaruninave been purified and kinetically characterizé@), The
characterized bacterial Xfp enzymes show dual satesspecificity with X5P and F6P
and follow Michaelis-Menten kinetics (7,9,10). ave report the first biochemical and
kinetic characterization of eukaryotic Xfp, t8e neoformanXfp2 (Accession #
CNAG_06923.7). Unlike the previously characteribedterial Xfp enzymes;.
neoformans<fp2 displays both substrate cooperativity andsaéiric regulation. The
enzyme is inhibited by ATP, phosphoenolpyruvateRP&nd oxaloacetic acid (OAA)

and activated by AMP.
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[ll. MATERIALS AND METHODS

Materials

Chemicals were purchased from Sigma Aldrich, VWiRFisher Scientific.
Oglionucleotide primers were purchased from Integtd& NA Technologies. Codon-
optimizedC. neoformanXFP2was synthesized by GenScript and supplied irEtheoli
expression vector pET21b which provides for additba C-terminal His-tag for nickel

affinity column purification.

Production and Purification of C. neoformans Xfp2

The recombinant plasmid pET2X~-P2 was transformed intBscherichia coli
RosettaBlue (DE3) placl (Novagen). The recombirsaratin was grown in Luria-Bertani
(LB) medium with 50 pg/mL of ampicillin and 34 pdlnof chloramphenicol at 37°C to
an absorbance of ~0.8 at 600 nm, and productioneoéhzyme was induced by the
addition of IPTG to a final concentration of 1 mMultures were incubated overnight at
ambient temperature and cells were harvested hyifteyation and stored at -20°C prior

to protein purification.

Cell-free extract was prepared by first suspentiegcells in buffer A (25 mM
Tris, 150 mM sodium chloride, 20 mM imidazole, 1 ndithiothreitol (DTT) and 10%
glycerol [pH 7.4]), and passing twice through arfetepressure cell at approximately 130

MPa. The cell extract was clarified by ultracemntyation at 100,000 x g for 1 hour, and
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then subjected to column chromatography using amAKPLC (GE Healthcare). Cell-
free extract was applied to a 5 mL His-Trap HP oollGE Healthcare). Aftera 6to 7
column volume wash with buffer A to remove any umi protein, the column was
developed with a linear gradient from O to 0.5 Mdazole in buffer A. Appropriate
fractions determined to contain Xfp2 by SDS-PAGH antivity assays were pooled and
dialyzed overnight in buffer containing 25 mM Tri€)% glycerol and 1 mM DTT [pH
7.0]. Aliquots of purified protein were stored-80°C. Protein concentration was

determined using a modified Bradford assay withil®gerum albumin standards.

Hydroxamate Assay Measuring Acetyl Phosphate Production

Enzymatic activity was measured using the hydroxaraasay to quantitate the
production of acetyl phosphate (9,11). Standaadtrens consisted of 0.5 mM thiamine
pyrophosphate (TPP), 1 mM DTT, 5 mM magnesium atdgrand 50 mM MES buffer
(pH 5.5 for all kinetic studies), with the concextiton of substrates varied. The sodium

phosphate substrate was used at a pH of 5.5.

Reactions (200 pL) were initiated by the additibemzyme and incubated at 40
°C. After 30 minutes, 100 pL of 2 M hydroxylamingdrochloride (pH 7.0) was added
and the reactions were allowed to incubate at ronperature for 10 minutes.
Reactions were terminated by the addition of 60®fid 50:50 mixture of 2.5 % Fefl
in 2N HCI and 10% trichloroacetic acid to form fieeric-hydroxamate complex which
was measured spectrophotometrically at 540nm (7 ,R2pctions were performed in

triplicate for all data sets.
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Kinetic Analysis

Apparent kinetic parameters were determined byirngrhe concentration of one
substrate with the other substrate held constaamsaturating level (60 mM for, Br
F6P). All substrates exhibited varying degreesomiperativity, and kinetic parameters
were determined by fitting the data to the Hill atjon [Eq. 2.1] (13,14) in which jds
initial velocity, [S] is substrate concentrationjs/maximum velocityKg s is substrate
concentration at half maximal velocity ahds the Hill constant. Data was plotted using

the scientific graphing program Kaleidagraph (SyggeBoftware).
Vo=V +[S]"/(Kos" + [S1") [Eq. 2.1]
Deter mination of 1Csy Values and Allosteric Binding Site Sharing of Xfp2 Inhibitors

After determining kinetic parameters for X5P comanaravailability was
discontinued, so our investigations into the aldstregulation of Xfp2 were performed
only with F6P. Half maximal inhibitory concentmatis (IGg) were determined for all
Xfp2 allosteric inhibitors by measuring the deceeamsactivity as a function of increasing
inhibitor concentration. GraphPad Prism 5 softwaas used to determinedgalues
by fitting the data with a log [inhibitor] vs. respse curve. In order to determine if any
of the inhibitors bind at the same allosteric sitdave overlapping allosteric sites, the

ICs0 value of one inhibitor was measured in the prese@i@nother inhibitor.
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IV. RESULTS

Optimization of reaction conditions

An E. colicodon-optimizedFP2 (GenScript Inc.) was cloned into pET21b (C-
terminal His tag) and the recombinant enzyme waduyred and purified by nickel
affinity chromatography to electrophoretic homoggneOptimal reaction conditions for
purified Xfp2 activity were determined. The temgtere optimum was found to be 37-
40°C (Fig. 2.1A), the temperature tl&atneoformansvould be exposed to during
infection. Xfp2 had highest activity between p13 4nd 6.0 (Fig. 2.1B), and pH 5.5 was
used when determining kinetic parameters. Likéatsterial counterparg. neoformans
Xfp2 requires the cofactor thiamine pyrophosph@R), and 0.5 mM TPP was
sufficient for full enzymatic activity (data not@hn). Xfp2 prefers Mg as the divalent

cation, but can also utilize €aCd”*, Mn**, and Nf* (Fig. 2.1C).
Kinetic characterization of C. neoformans Xfp

In determining the kinetic parameters in the acghyisphate-forming direction,
plots of substrate concentration versus velocitgeWweund to be sigmoidal rather than
hyperbolic as would be expected for enzymes folhgMichaelis-Menten kinetics. This
is the first demonstration of the existence of salbs cooperative binding among Xfp
enzymes which was not reported in previous charaetens of bacterial Xfps (7,9,10).

Apparent kinetic parameters (Table 2.1) were ddtexchby fitting experimental data to
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the Hill equation [Eq 2.1] in which a Hill constagrteater than 1.0 represents positive
cooperativity and a Hill constant less than 1.Geepnts negative cooperativity (15,16)
Xfp2 exhibits positive cooperativityh(>1.0) for both X5P and F6P, suggesting that
binding of either of these substrates causes adhl®conformational change that
facilities the binding of additional substrate eparate active sites on the enzyme. Xfp2
displays negative cooperativitly € 1.0) for Pwith an average Hill constant of
approximately 0.6. The 2.6-fold higher catalytitogeency suggests that X5P is slightly

preferred over F6P.

Allosteric Inhibitors

Since we hypothesize that the Xfp-Ack pathway pkgsgnificant role in ATP
production during infection, it would seem likehat this pathway would be regulated,
particularly since the F6P substrate of Xfp2 isrdarmediate in glycolysis, another key
ATP-generating pathway that has been shown toibeatfor virulence (17). ATP along
with coenzymes and intermediates from glycolysis te tricarboxylic acid (TCA)
cycle were tested to see if Xfp2 is allostericaéigulated by these molecules. Of the
ligands tested, ATP, phosphoenolpyruvate (PEP)oaatbacetic acid (OAA) were
found to display the most pronounced inhibitiorg(F2.2) while citrate caused slight
inhibition (data not shown). Acetyl-CoA, CoA, apgruvic acid were also tested and
had no effect on activity. Progress curves fohlstbstrates;Rnd F6P were generated
in the presence of increasing concentrations of fHi§. 2.3A & B), PEP (Fig. 2.4A &

B), and OAA (Fig. 2.5A & B).
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For each of the three inhibitors, tkes for B was not significantly affected (data
not shown); however, th€, 5 concentrations for F6P increased in each case K{d kfor
F6P increased from 15.9 + 1.3 mM in the absenceehabitor to 73.9 £ 3.2 mM in the
presence of 9 mM ATP, 109.4 + 6.9 mM in the presarfcl5 mM OAA, and 69.3 + 9.6
mM in the presence of 16 mM PEP. The additiombfhitor also generated a more
sigmoidal F6P progress curve that is reflectedhiayimcrease in the Hill coefficient. The
Hill coefficient increased from 1.41 + 0.11 to 450.20, 2.32 + 0.07, and 2.40 £ 0.30 in
the presence of 9 mM ATP, 15 mM OAA and 16 mM PE&s$pectively. This suggests
that the binding of ATP, PEP and OAA has a dirdietat on the binding of F6P to the
active site in order to more closely regulate X§a#ivity in response to changing cellular

concentrations of these effectors.

The 1G, concentrations, the concentration of inhibitoruiegd to reduce activity
to half its maximally inhibited value, were detenmd for each inhibitor using th& s
concentrations of both; PL3 mM) and F6P (16 mM) (Table 2). The;j@alue of 0.6
mM for ATP is much lower than those determinedR&P and OAA, which were very
similar (Table 2.2). Since both molecules are lsimin size and structure, it is possible
that they bind at the same allosteric site. Ireotd test if the inhibitors share the same
allosteric site, reactions were performed in wrodle inhibitor was held constant at its
ICso concentration and the concentration of the seaumditor was varied. If two
inhibitors bind at the same site (or if bindingoofe inhibitor occludes the binding of the
second) then approximately half of the bindingssit®uld be occupied by the first

inhibitor, thereby lowering the concentration of fecond (varied) inhibitor required to
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inhibit activity by an additional 50%. Thed§of PEP decreased by approximately half
in the presence of OAA; likewise thesi{i/alue of OAA decreased by about half in the
presence of PEP (Table 2.2). This suggests thtdnd OAA share the same allosteric
site. Alternatively, PEP and OAA bind at separatertapping sites in which the binding
of one inhibitor prevents the binding of the secartdbitor. The 1G, of PEP in the
presence of ATP did not change significantly sugggshat the PEP/OAA site(s) is

separate from the ATP allosteric site.

Allosteric Activator

C. neoformanXfp2 is activated by the presence of AMP (Fig 2.Bhe presence
of as little as 20 uM AMP resulted in elevated enatic activity that reached a
maximum at 0.5 mM AMP. The half maximal activatimoncentration was determined
to be 29.7 £ 1.5 uM. The effect of AMP activatiom R and F6P progress curves was
evaluated. Increasing amounts of AMP resultedi@éngased Xfp2 activity at all P
concentrations without affecting the overall shapthe curve or th&g s of B (Fig.
2.6A). Therefore, AMP does not appear to haveaecteffect on the binding of B the
active site. The presence of AMP decreasedthdor F6P from 15.9 £+ 1.3 mM in the
absence of AMP to 9.1 = 0.6 mM in the presence®h@M AMP. Increasing
concentrations of AMP resulted in more hyperbob®Fprogress curves (Fig. 2.6B). The
Hill coefficient decreased from 1.41 + 0.11 in #izsence of AMP to 0.97 = 0.03 in the

presence of 0.5 mM AMP, suggesting more constdimitgffor the substrate F6P.
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AMP not only causes activation but alleviatesdffects of allosteric inhibitors
(Fig. 2.7). The presence of AMP completely presamtoverrides the inhibitory effect of
ATP. However, AMP cannot overcome inhibition byAREThe results observed are
consistent with AMP and PEP acting separately, WP fully activating the enzyme,
and PEP inhibiting from this fully activated levalvhen ATP and PEP are both present,
inhibition is slightly additive compared to the ihition by either one alone. Activity
decreased from 43.4 £ 0.7% in the presence of BBR.6 + 0.6% when both ATP and
PEP are present. The level of activity observedmiMP was present in addition to
PEP was similar to that when AMP was present watih ATP + PEP. In both cases,
activity was in the range expected for inhibitidrtlee fully activated enzyme by thedC

concentration of PEP.
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V. DISCUSSION

Here we report the first characterization®fneoformanXfp2, the first
eukaryotic Xfp to be characterized. Xfp functiamgh Ack in heterofermentative
bacteria to form a modified pentose phosphoketgtasieway. This pathway was
originally thought to be present only in bactenid bas been more recently identified in
euascomycete and basidiomycete fungi (18). Okeeoformansmany fungi with this

pathway have twXFP ORFs designated a&8~-P1andXFP2

Unlike previously characterized bacterial Xf@s,neoformanXfp2 displays both
substrate cooperative binding and allosteric raguia Xfp2 is allosterically regulated
by the activator AMP and inhibitors ATP, PEP andfOAPEP and OAA appear to share
the same allosteric binding site while ATP and AMRd at a separate site. The simplest
explanation of AMP’s ability to fully overcome ATiRhibition is that they bind at the
same site however our results do not conclusiudly out separate but interacting
binding sites. Xfp2 activation by AMP and inhiloii by ATP is consistent with Xfp2
partnering with Ack as part of a modified pentokegphate pathway to generate ATP
and acetate from X5P and F6P. The intracellulalP AAMP ratio provides an indication
of the cellular energy status and regulation ofXfE2-Ack pathway by ATP and AMP is
a way to modulate ATP production by this pathwélygh ATP levels indicate the energy
needs of the cell have been satisfied and thugieddi ATP production via the Xfp2-

Ack pathway is not necessary, whereas high AMPl$awelicate an energy deficit and
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the need for increased ATP production via the XfgR-pathway. A possible
explanation for Xfp2 inhibition by PEP and OAA st high concentrations of these
intermediates from glycolysis and the TCA cyclepegively, are also signals that
cellular energy needs have been met, and theaelbwitch from glycolysis, which

produces ATP and utilizes glucose, to gluconeogsnesynthesize and store glucose.

A ping pong bi bi mechanism was originally propsb$er Lactobacillus
plantarumXfp by Yevenes and Frey (9) in which enzyme boUiRdP first interacts with
F6P to form a TPP-F6P complex and release the ptailythrose 4-phosphate (E4P)
forming enzyme bound &3-dihydroxyethylidene-TPP (DHETPP). DHETPP undesggoe
a dehydration reaction to form enzyme bound enty&d@é®P where ketonization
converts it to enzyme bound acetyl-TPP (ACTPP)TR¥ is phosphorylated and acetyl
phosphate is released leaving TPP available teaicitgvith additional F6P substrate and
repeat the reaction. Therefore, the product E4@rmsed by the interaction of TPP and
F6P in the absence of the second substrat@&he crystal structure @ifidobacterium
longumXfp confirmed the reaction mechanism proposed byenes and Frey (19). We
suspect thaC. neoformanfp2 follows the same active site reaction mectianas the
bacterial Xfps but with the added complexity obateric regulation that influences
substrate-binding affinity. Since all allosterifeetors were found to directly affect F6P
binding, the binding of these effectors influenties interaction between F6P and TPP in
the first step of the reaction mechanism. We foilmad the presence of allosteric
effectors do not influence the binding gfvithich further confirms and supports the

existence of a ping pong bi bi mechanism in whighinhteraction between TPP and F6P
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to form E4P occurs in the absence paid that it is this first step of the reactionttisa

allosterically regulated.

Acetate is the most abundant metabolite producedglaryptococcal pulmonary
infection, but the role acetate plays in metabolgsrd infection is unknown (3-5).
Genomic expression studies provide evidence tleaKth-Ack pathway could be
responsible for acetate production. Serial analggene expression @ neoformans
cells collected from the lungs of infected micewhd elevated expression XFP2 (6).
XFP2was also found to be among the genes upregulatber inypoxic conditions that
occur in infected tissue (20). RNA microarray gsa ofC. neoformangene
expression within the macrophage also indicateisAbl is expressed under this
condition but Xfp2 was not present in this micragrdata set (21). In addition an Xfp2
homolog is required for full virulence in the insé&engal pathogeMetarhizium
anisopliae(22). Taken together these studies suggesCtha¢oformanXfp2 may play

a role during infection.

C. neoformanxfp2 shows maximal activity between 37 - 40°C whis
consistent with a role of Xfp2 durin@. neoformanfection (23). The Xfp-Ack
pathway could serve as a source of ATP productiateuthe hypoxic and acidic
conditions encountered in the macrophage where gerferation by oxidative
phosphorylation is suppressed. In addition, theopEryptococcomas has been found to
be between 5.4 and 5.6 in vivo (4). It is possthbd the production and excretion of

acetic acid generated by the Xfp-Ack pathway cbotes to the acidic environment of
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cryptococcomas. This acidic environment can aid.ineoformansurvival outside the
macrophage by inducing neutrophil necrosis ande@sing superoxide production (4).
Our studies show that Xfp2 functions best at lowwvgith activity decreasing as pH
increases. Even in vitro assays of the bacteffip$ ¥vere performed below neutral pH,
between pH 6.0 (9) and 6.5(7), and optimal pH watseported. The intracellular pH of
C. neoformansluring infection is unknown, but even thoughneoformansells are
tolerant to low pH (24), it is unlikely that Xfp2 exposed to low pH in vivo. The
presence of AMP can increase Xfp2 activity from4180.7 % to 117.0 + 2.0 % in the
presence of 0.5 mM AMP at pH 7 with 100% activionsidered to be the activity at pH
5.5 using KO0.5 substrate concentrations (K. Glamhika Smith, unpublished data), so

pH could provide an additional means of reguladfig? activity.

The allosteric regulation that has evolved@meoformanXfp2 versus its
bacterial homolog seems to support a more complexfor this enzyme within fungal
metabolism and during infection. However, allosteegulation by PEP and OAA but
not AMP and ATP may be occurring with at least sdraeterial Xfps (K. Glenn and K.
Smith unpublished data). We believe that Xfp2ment with Ack to generate ATP,
which is supported by the findings that Xfp2 isukeged by both ATP and AMP levels.
The biochemical properties of this enzyme sugdetit utilizes its partnership with Ack
to generate ATP during infection and within the lamnmacrophage where hypoxic
conditions are encountered that limit ATP produttiy the electron transport chain.

Xfp2’s involvement inC. neoformansnetabolism especially during infection lends
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support to future studies that focus on this enzgmae possible drug target in the

treatment of cryptococcal infection.
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TABLE 2.1. Apparent kinetic parametersfor C. neoformans Xfp2

Substrate  Kgs(mM) keat™ (se€)  keat™Kos (se€'mM™) H
F6P 159+1.3 3.47 +£0.10 0.22 +£0.01 1.41+£0.11
X5P 6.4+0.2 3.76 £0.05 0.58 £0.01 1.17 £ 0.06
P 13.3+15 4.22 +0.13 0.32 +0.03 0.59 +0.03
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TABLE 2.2. Half maximal inhibitory (I Csg) concentrations

Inhibitor (Varied) Inhibitor (Constant) Ko
ATP e 0.61 +0.04
________ 8.23 £0.09
PEP OAA 4.84 £ 0.07
ATP 9.85+0.25
________ 7.50+0.40
OAA PEP 3.71 +0.07
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FIG 2.1. Optimization of Xfp2 reaction conditions. Xfp2 activity was determined in
the presence of saturating(BO mM) and F6P (80 mM) substrate concentrationgéch
reaction condition tested. Activities are repordsdoercentage of the maximal activity
determined during each assay. (a) Temperaturmagor Xfp2. Enzyme reactions were
performed at the indicated temperatures in tripicgb) pH optima for Xfp2. Enzyme
reactions were performed utilizing 50mM ME® @nd 50 mM MOPSq) over a range

of pH values. (c) Divalent cation metal specifidity Xfp2. Enzyme reactions were

performed in the presence of 5 mM metal (as chéosalt).
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FIG 2.2. Effect of variousligands on Xfp2 activity. Various coenzymes and metabolic
intermediates were tested for their effect on Xdpgfvity. Activities are reported as

percentage of maximum activity with no effectorgmet.
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FIG 2.3. Effect of ATP on substrate progress curves. Progress curves were generated
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P, (a) and F6P (b). Activities are reported in mioades acetyl phosphate produced, and

enzyme reactions were performed in triplicate Bhesubstrate concentration.
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CHAPTER 3

ALLOSTERIC REGULATION OFLACTOBACILLUS PLANTARUMYLULOSE 5-

PHOSPHATE/ FRUCTOSE 6-PHOSPHATE PHOSPHOKETOLASERXF

Katie Glenn and Kerry S. Smith

l. ABSTRACT

Xylulose 5-phosphate/ fructose 6-phosphate phdsgibtase (Xfp), which
catalyzes the conversion of xylulose 5-phospha&P{or fructose 6-phosphate (F6P) to
acetyl phosphate, plays a key role in carbohydratabolism in a number of bacteria.
Recently we demonstrated that the fur@glptococcus neoformandp2 exhibits both
substrate cooperativity for all substrates (X5F; &éd P and allosteric regulation in the
form of inhibition by phosphoenolpyruvate (PEP)almacetic acid (OAA) and ATP and
activation by AMP. Allosteric regulation has naoepiously been reported for the
characterized bacterial Xfps. Here we report keaVery of substrate cooperativity and
allosteric regulation among bacterial Xfps, speaifly theLactobacillus plantarunXfp.

L. plantarumXfp was found to be an allosteric enzyme inhibitgdPEP, OAA and
glyoxylate but unaffected by the presence of ATREIP. Glyoxylate was also found to

be an additional inhibitor to those previously ngpd forC. neoformanXfp2. As with
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C. neoforman&fp2, PEP and OAA share the same or possess ppaniasites or..
plantarumXfp. Glyoxylate, which had the lowest half maxinwahibitory concentration
of the three inhibitors, binds at a separate $ites study demonstrates that substrate
cooperativity and allosteric regulation may be camnrproperties among bacterial and
eukaryotic Xfp enzymes, yet important differencestebetween the enzymes in these

two domains.
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[I. INTRODUCTION

Xylulose 5-phosphate (X5P)/ fructose 6-phosplfaé®) phosphoketolase (Xfp),
a member of the thiamine pyrophosphate (TPP) deperehzyme family, catalyzes the
production of acetyl phosphate from the breakdofwytulose 5-phosphate (equation
la; EC 4.1.2.9) or fructose 6-phosphate (equatiprieC 4.1.2.22). In lactic acid
bacteria and bifidobacteria, Xfp partners with erthcetate kinase (Ack) to generate
acetate and ATP (equation 2) or phosphotransasetyRia) to generate acetyl-CoA and
P; (equation 3) (1,2). Xfp open reading frames (ORfese more recently been
discovered in euscomycete and basidiomycete fugiedl (3). In fungi, Xfp is believed
to partner with Ack since all fungi that have arkA2RF have at least one, and in some

cases two, Xfp ORFs but lack Pta (3).

X5P + B Glyceraldehyde 3-phosphate + Acetyl phosphate (1a)

F6P + & Erythrose 4-phosphate + Acetyl phosphate (1b)
Acetyl phbspe + ADP— Acetate + ATP (2)
Acetyl-CoA +4 Acetyl phosphate + CoA 3)

Xfp has been biochemically and kinetically chaeaiged from several bacterial
species, includingactobacillus plantarungfreferred to by Yevenes et al. lagplantarum
Xpk2) (2),Bifidobacteriumspp. (1,4)Lactococcus lact(®), Leuconostoc mesenteroides

(5), andPseudomonas aeruginoga), and more recently one fungal species,

72



Cryptococcus neoformanédp2 (6). TheBifidobacteriumXfp L. plantarumL. lactis L.
mesenteroidesandP. aeruginos&fps displayed dual substrate specificity for both
substrates X5P and F6P and followed Michaelis-Mehkieetics (1,2,4,5)C.
neoformans<fp2 also displays dual substrate specificity tos not follow Michaelis-
Menten kinetics (6). Instead, kinetic charactaraaof C. neoformanxfp2 indicated
the existence of both substrate cooperativity diodtaric regulation.C. neoformans
Xfp2 was found to be inhibited by ATP, phosphoegalpate (PEP) and oxaloacetic
acid (OAA) and activated by AMP (6). Substrate carapivity and allosteric regulation

have not been reported for any characterized bac¥dp (1,2,4,5).

In this paper we describe the characterizatidn glantarumXfp in which
kinetic parameters were determined using the Igiliadion and the influence of potential
allosteric effectors oh. plantarumXfp activity was examinedL. plantarumXfp was
found to be an allosteric enzyme inhibited by PE& @AA but unaffected by the
presence of AMP or ATP. Additionally, glyoxylateasidiscovered to be an inhibitor of

both C. neoformanfp2 andL. plantarumXfp.
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[ll. MATERIALS AND METHODS

Materials

All chemicals were purchased from Sigma AldrichYR, Fisher Scientific, or
Gold Biotechnology. The recombinant plasmid pETBk2in Escherichia colBL21
(DE3) was kindly provided by Dr. Perry Frey (Unisity of Wisconsin-Madison) for

production of recombinarit. plantarumXfp (2).

Production and Purification of Recombinant L. plantarum Xfp

BL21 (DES3) containing the recombinant plasmid pBApk2was grown in
Luria-Bertani (LB) medium with 25 pg/mL kanamycin3 °C to an absorbance of ~0.8
at 600 nm. Recombinaht plantarumXfp production was induced by the addition of 1
mM isopropylp-D-1-thiogalactopyranoside (IPTG). Cells were akal to grow

overnight at room temperature and harvested byitggation.

Cells were suspended in buffer A (25 mM Tris, D8 sodium chloride, 20 mM
imidazole, 1 mM dithiothreitol (DTT) and 10% glycéfpH 7.4]) and lysed by two
passages through a French pressure cell at appatetyii30MPa. Cell lysate was
clarified by ultracentrifugation at 100,000 x g fab6 hours. The supernatant was applied
to a5 mL His-Trap HP column (GE Healthcare) angjestted to column
chromatography using an AKTA-FPLC (GE Healthcamlter washing with at least

seven column volumes of buffer A to remove any wmibprotein, the column was
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subjected to a linear gradient of 20 to 500 mM emle to remove all column-bound
protein. Fractions determined to conthirplantarumXfp by SDS-PAGE and activity
assays were pooled and dialyzed overnight agauisdricontaining 25 mM Tris, 1 mM
DTT, and 10% glycerol [pH 7.0]. Protein concentmatwas determined using a modified
Bradford assay (7) with bovine serum albumin asdded, and purified protein was

stored at -80°C.

Production and Purification of Recombinant C. neoformans Xfp2

The recombinant plasmid pET2X5-P2 synthesized by GenScript was
transformed into th&. coliexpression strain RosettaBlue™ (Novagen). The
recombinant strain was grown in LB medium supple®emvith 1 % dextrose, to reduce
basal level transcription from the T7 RNA polymergene under the control of L8-UV5
promoter in the DE3 prophage prior to the addivbiPTG, and 50 pg/mL ampicillin
and 34 pg/mL chloramphenicol. At an absorbancedd® at 600 nm, IPTG was added to
a final concentration of 1 mM to induce productafrthe enzyme. Expression was
allowed to proceed overnight at room temperaturd,cells were harvested by

centrifugation. Recombinaf. neoformanfp2 was purified as previously described

(6).

Xfp Assay

Enzymatic activity was measured using the hydrostaraasay to detect the production of
acetyl phosphate (1,2,6,8). A standard 200 pLtimacontained 0.5 mM thiamine

pyrophosphate (TPP), 1 mM DTT, 5 mM magnesium atdgrand 50 mM MES (at pH
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6.0 forL. plantarumXfp assays and pH 5.5 f@. neoformanfp2 assays) with varied
concentrations of the substrates F6P gnih Ehe form of sodium phosphate pH 6.0 for
L. plantarumXfp and pH 5.5 foC. neoformanXfp2. Reactions were initiated by the
addition of enzyme and allowed to proceed for 3Autas at 37°C fok. plantarumXfp
and 40°C forC. neoformanXfp2. After 30 minutes, 100 pL of 2 M hydroxylamei
hydrochloride (pH 7.0) was added, and reaction®w#owed to incubate at room
temperature for 10 minutes to fully convert alltgtphosphate to acetyl hydroxamate.
Reactions were terminated by the addition of 60®fi& 50:50 mixture of 2.5 % ferric
chloride in 2N hydrochloric acid and 10 % trichlaoetic acid to generate the ferric-
hydroxamate complex. The color change due to mtoidumation was measured by a
change in absorbance at 540 nm. All data setegjgond to reactions performed in

triplicate.

L. plantarum Xfp Kinetic Analysis

To determind.. plantarumXfp kinetic parameters, one substrate was varied
while the other substrate was held constant atuaatdang concentration (60 mM for F6P
and 8 mM for B. Since the commercial availability of X5P hagibeliscontinued, all
kinetic parameters were determined using F6P. Wataplotted using KaleidaGraph
software (Synergy), and kinetic parameters weraddwy applying the Hill equation
(equation 4) (9,10) to the data set whegasvnitial velocity, [S] is substrate
concentration, V is maximum velocit, s is substrate concentration at half maximal

velocity andh is the Hill constant.
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Vo=V +[SI"/(Kos" + [SI") 4
Deter mination of Inhibitor I Csy Values (Individually and in Combination)

The half maximal inhibitory concentration g§f was determined for eath
plantarumXfp inhibitor and an additiondl. neoformanXfp2 inhibitor not previously
described by measuring the decrease in enzymatg@iKy 5 substrate concentrations
(11 mM F6P and 1 mM;Por L. plantarumXfp and 16 mM F6P and 13 mM fer C.
neoformans<fp2) in the presence of increasing inhibitor cemication. The Ig was
found by fitting the data with a log [inhibitor] vesponse curve in Graphpad Prism 5
software. In order to determine if inhibitors shéne same or overlapping allosteric
binding sites the effect on $gof one inhibitor in the presence of another infoibwas

measured.
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IV. RESULTS

Effect of pH on L. plantarum Xfp Activity

RecombinanL. plantarumXfp was produced and purified using nickel affnit
chromatography. It was previously discovered @ateoformanfp2 activity is
significantly reduced with increasing pH and thatxmal activity occurs between pH
4.5 and 6.0 (6). Lik€. neoformanfp2, L. plantarumXfp activity decreases with
increasing pH. However, the decrease in activitysdoot occur until pH 6.5 versus pH
6.0 forC. neoformanXfp2 (Fig. 1) suggesting that plantarumXfp is slightly more
tolerant to elevated pH th&h neoformanxfp2. MaximumL. plantarumXfp activity

occurs around pH 6.0 which was used in all kinaesisays.

Kinetic Characterization of L. plantarum Xfp

We have recently shown th@t neoformanXfp2 displays substrate cooperativity
and is subject to allosteric regulation (6), neitblewhich have been reported for any of
the bacterial Xfp enzymes (1,4,5,11), includinglthglantarumXfp (2). To establish
whether substrate cooperativity existslfoplantarumXfp, apparent kinetic parameters
(Table 1) were determined in the acetyl phosphataihg direction for the substrates
F6P and Pby fitting the Hill equation to plots of substratencentration versus velocity.
L. plantarumXfp displays negative cooperativity for & indicated by a Hill constant of

0.68 = 0.02, similar to the Hill constant of 0.5983 for theC. neoformangnzyme (6).
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TheKpsvalue of 1.0 £ 0.1 mM for Rs similar to theK,, previously determined for the

plantarumenzyme (2).

Unlike C. neoforman&fp2, L. plantarumXfp Hill constant of approximately 1.0
does not indicate the existence of substrate catipity in regards to F6P binding. F6P
progress curves fdr. plantarumXfp were found to fit both the Michaelis-Mentendan
Hill equations equally well with R values aroun@®@. Using the Michaelis-Menten
equationK,*PPfor F6P was determined to be 10.8 + 0.8 mM, whike afor F6P of 11.0
+ 1.4 mM was calculated using the Hill equationtfe same data set. Both F&§s and
Km PP are on the same order of magnitude asti€° for F6P previously determined by

Yevenes et al. (2).
L. plantarum Xfp isInhibited by PEP and OAA, but Unaffected by AMP and ATP.

The same ligands examined as possible allostHeicters ofC. neoformanXfp2
(6) were tested to determine their effectloplantarumXfp activity. As withC.
neoformans<fp2, L. plantarumXfp is inhibited by phosphoenolpyruvate (PEP) and
oxaloacetic acid (OAA) (Fig. 2) and slightly inhibd by citrate (data not shownl).
plantarumXfp activity was unaffected by the presence of ABMFATP, the primary
allosteric activator and inhibitor, respectively,ta neoformanXfp2. Additional
ligands tested such as acetate and pyruvic adidhétthno effect o&. neoformanXfp2

activity also had no effect dn plantarumXfp activity.
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Glyoxylate Inhibits both L. plantarum Xfp and C. neoformans Xfp2 Activity

Since PEP and OAA serve as common allosteric teife¢or bacterial .
plantarumXfp and eukaryotic€C. neoforman¥fp2, various PEP analogs were tested to
determine the specificity of this allosteric site PEP and the primary chemical moiety
that contributes to the allosteric inhibitory etfedNon-phosphorylated PEP analogs have
previously been utilized to determine the chemmgalety that contributes to allostery in
muscle pyruvate kinase (12), and each of thesedPBP®gs were used to test
plantarumXfp inhibition (Fig. 3a). Interestingly, glyoxyt@ was found to inhibit Xfp in
addition to PEP and OAAL. plantarumXfp was almost fully inhibited by 8 mM
glyoxylate with only 7.2 + 1.0% activity remainifogit only partially inhibited by 8 mM
PEP (45.7 = 3.4% activity remaining). Pyruvatew&od no inhibition while the PEP
analogs D-lactate, L-lactate, methyl pyruvate, byglacetone, and glycolate displayed
intermediate levels of inhibition. These same RB&ogs were used to test their
inhibitory effect against. neoformanfp2 as well, and the results were similar to thos
found for thel. plantarumXfp. Glyoxylate also inhibit€. neoformanXfp2 activity,
with 8 mM reducing activity to 15.3 + 1.0%. Simila L. plantarumXfp, pyruvate had
no effect ornC. neoformanXfp2 activity while all other PEP analogs showermediate

inhibition between that of pyruvate and glyoxylétey. 3b).
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Deter mination of Allosteric Effector Half Maximal Inhibitory Concentrations

(| Csos)

The 1G; half maximal inhibitory concentration was deteredrfor each..
plantarumXfp inhibitor (Table 2) usindlq ssubstrate concentrations. Thedr
glyoxylate was lower than those for PEP and OAAapproximately 3-fold and 5-fold,
respectively. In order to determine if any of thegebitors share the same site, theylC
of one inhibitor was determined in the presenca s¢cond inhibitor held constant at its
ICso. If two inhibitors share the same site or if theies overlap, then approximately
half the sites should be occupied by the inhilditeld constant thereby lowering the

amount of the varied inhibitor required to reducevaty by an additional 50%.

In the presence of 10.5 mM OAA, the PERiI@ecreased more than half the
original value, demonstrating that theplantarumPEP and OAA binding sites are the
same or overlapping, as indicted previouslyGoneoformanXfp2 (6). The reason the
ICsp0f PEP is reduced by more than half in the preseh€AA is most likely due to the
unique inhibitory effect of OAA (Fig 4a) not seenglyoxylate (Fig 4b) or PEP (Fig 4c)
inhibition profiles. High concentrations of OAA veerequired to initiat&. plantarum
Xfp inhibition followed by a sharp decrease in aityiin the presence of additional OAA
(Fig 4a). This inhibitory concentration threshaddy suggest that PEP and OAA interact
with the binding site differently or that these akerlapping instead of identical binding
sites. The Ig of PEP does not change significantly in the preserf 2 mM glyoxylate

while the IG, of OAA decreases by approximately 26%. Therefbi@ppears that the
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PEP/OAA site is separate from the glyoxylate siteesneither PEP nor OAA Ig

display close to a 50% decrease in the presen2erifl glyoxylate.

Since glyoxylate was not previously recognizeamaXfp inhibitor (6), the 16
of glyoxylate was determined f@. neoformanXfp2 (Table 2). Th&. neoformans
Xfp2 PEP IGp of 5.31 = 0.13 mM, slightly lower than the 8 mMsk(reviously
reported, (6) decreased to 4.01 £ 0.07 mM in tlesgmce of 5 mM glyoxylate. Since the
ICs0 of PEP only decreases by about 24% in the presarieenM glyoxylate, it is likely
that the binding of PEP and glyoxylate occur absae sites of. neoformanXfp2 as

well.

Allosteric Inhibitors Influence F6P Binding

Progress curves of substrate concentration vausty were generated far.
plantarumXfp substrates F6P and iR the presence of increasing PEP concentrations
(Fig. 5). The presence of PEP had the same effect plantarumXfp kinetic
parameters as it did f@. neoformanXfp2 (6). In regards to;Pthe presence of PEP
had little effect orKo s, which remained between 1.0 £ 0.03 mM and 1.336 ™M at O
mM PEP and 16 mM PEP respectively, or Hill constafiich ranged between 0.66 *
0.01 and 0.49 + 0.02. However, a gradual redugtiotnaxfrom 1.06 + 0.01 pmol of
product formed per 30 minute reaction at 0 mM P&B.80 £ 0.04 pumol at 16 mM PEP
was observed. The s of F6P increased from 9.8 £ 0.2 mM in the abserigehibitor
to 37.8 £ 0.9 mM in the presence of 16 mM F6P &edHill constant also increased from

1.31+£0.01to 1.79 £ 0.01. The presence of PEHitike effect on F6P maximal activity

82



with Vmax ranging between 0.93 £ 0.02 and 0.87 £ 0.01 prhptaduct formed per 30
minute reaction. Since PEP and OAA bind at theesanoverlapping sites dn
plantarumXfp, PEP was utilized to represent the effectahtdPEP and OAA inhibition
on substrate binding. The influence that PEP itibibhas on the F6R, 5 and Hill
constant suggests that, similaitGoneoformanfp2 (6), the binding of PEP and OAA
directly influences the binding of F6P to theplantarumXfp active site. Glyoxylate
binding did not significantly influence F@® s but had a greater influence o, (data

not shown).
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V. DISCUSSION

Recently we determined that a fungal X@p,neoforman¥fp2, displayed both
substrate cooperativity (positive cooperativity k&P and negative cooperativity fqj P
and allosteric regulation in the form of inhibitithrough the binding of ATP, PEP and
OAA and activation by the binding of AMP (6). Hexe report the discovery of
substrate cooperativity and allosteric regulatimntfacterial. plantarumXfp. This
report describes the first indication that substratoperativity and allosteric regulation
also exists among at least some bacterial Xfp ergyrKinetic parameters far
plantarumXfp were originally determined by Yevenes et aifitting substrate progress
curves with the Michaelis-Menten equation to deteenapparent binding constamts
for F6P and Pwhich were found to be 24 £ 4 mM and 2.9 + 0.5 m&gpectively (2).

We produced the recombindntplantarumXfp and demonstrated that this enzyme
displays negative cooperativity in regards tdiRding with a Hill constant less than one
but little cooperativity in regards to F6P bindwwgh a Hill constant roughly equal to

one.

In addition to substrate cooperativity,plantarumxXfp, like C. neoformanxfp2,
is allosterically regulated. It is inhibited by PBRnd OAA, but unlik€. neoforamans
Xfp2 the presence of ATP or AMP had little to néeet on activity. InitiallyL.
plantarumXfp kinetic parameters did not suggest the pres@ficubstrate cooperativity

for F6P binding alone however the presence ofrthéitor PEP induces positive
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cooperativity as demonstrated by the sigmoidal egcurves and increase in F6P Hill
constant shown in Fig. 5. Unlike PEP, glyoxylatkibits enzyme activity without
greatly influencing F6P binding since both A§Rand Hill constant were not greatly
altered. In regards ©. neoformanxfp2 andL. plantarumXfp regulation by excess
PEP and OAA, the presence of these intermediatksaite the energy needs of the cell
have been met. The cell can switch from glycolyis breakdown of glucose, to
gluconeogenesis to synthesize and ultimately gfloi@se until it is needed, and
therefore, Xfp may be inhibited by these intermtesian order to limit additional energy

production through the Xfp/Ack pathway (6).

In addition to Xfp,L. plantarumcan produce acetyl phosphate from pyruvate
using pyruvate oxidase (Pox) and from acetyl-Colagiphosphotransacetylase (Pta). It
has been shown that at least some Acks in hetenefeative bacteria are allosterically
regulated (13). Perhaps Xfp regulation by thegmes of ATP and AMP is less
necessary ih. plantarumthat has additional sources for acetyl phosphatéyztion and
may also possess an allosterically regulated Awkydh this has not been experimentally
proven. Xfp regulation by ATP and AMP may havelegd inC. neoformansvhere
there is no evidence of an allosterically regulaield (C. Ingram-Smith, A. Guggisberg,
S. Henry, J. Welch, K. Laws, A. Mattison, A. Bizloaa, and K. Smithmanuscript in
preparation) or the presence of additional acdtgsphate producing enzymes such as
Pox and Pta. Therefore, the control of ATP proguchy Ack inC. neoformansnay

rest solely on the production of acetyl phosphatXip.
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Non-phosphorylated PEP analogs were tested tondiete the primary chemical
moiety that contributes to PEP allosteric inhibitfor bothL. plantarumXfp andC.
neoformans<fp2. Interestingly, pyruvate displayed no inhidn while glyoxylate,
which differs from pyruvate by the absence of glemethyl group, inhibitk.
plantarumXfp more than PEP or OAA at the same concentratoar results suggest
that PEP and OAA bind to the same or overlappitessn bothL. plantarumXfp andC.

neoformans<fp2, but glyoxylate binds at a distinct site.

Since glyoxylate is an allosteric inhibitor withegumably its own allosteric site
on bothL. plantarumXfp andC. neoformanXfp2, there is likely a metabolic connection
between the presence of excess glyoxylate anahhtigition of Xfp, consequently
limiting the production of acetyl phosphate fromPX&nd F6P. The glyoxylate cycle
functions as a bypass of the decarboxylation stéfise tricarboxylic acid cycle allowing
for the use of simple two-carbon compounds, sudcatate and ethanol, to generate
malate from the combined action of the enzymesgtiste lyase (Icl) and malate
synthase (MIs) (14-16). The glyoxylate cycle igiz¢d when glucose is limiting (14),
but the production of excess glyoxylate may indidagt other 2-carbon compounds,
such as acetate, are prevalent. Since we hypothesixC. neoformanXfp2 partners
with Ack to generate acetate and ATP, the presehegcess glyoxylate may indicate
that acetate is in abundance, so glyoxylate irhiip thereby inhibiting the production

of acetyl phosphate and consequently the produdti@cetate by Ack.
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We have failed to identify genes encoding the eregyial and MIs within thé.
plantarumgenome suggesting it lacks a glyoxylate cyclewebeer,L. plantarumcell
free extract is capable of metabolizing glyoxylgté). An ORF within thé.. plantarum
genome designated as 2-hydroxyacid dehydrogenases$aion # YP_004888759) has
61% identity to a gene designated as a glyoxykdectase (equation 5) iractobacillus
otakiensisand it has also been showrRhizobium etlthat an enzyme previously

labeled as 2-hydroxyacid dehydrogenase displaysxglgte reductase activity (18).
glyoxylate + NAD{P <« glycolate + NAD(P) (5)

In plants, glyoxylate reductase is believed to fiomcas a way of removing excess
reducing equivalents like NADPH (19), and glyoxglatductase ih. plantarumcould
serve a similar purpose. A possible connectiowéenL. plantarumXfp inhibition by
excess glyoxylate is that the presence of glyorytatuld indicate the presence of excess
NADPH. The pentose phosphate pathway (PPP) sas/asnajor source of the NADPH
produced in the cell. Thus, inhibiting Xfp, whictilzes PPP end products, may hinder
the PPP from producing additional end productsettwealso reducing the amount of
NADPH produced upstream. The regulation of Xfpgbyoxylate inL. plantarummay
serve as a means of balancing the production alwhtion of NADPH by the PPP and

glyoxylate reductase respectively to aid in ceHutdox balance.
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Concluding Remarks

Substrate cooperativity and allosteric regulatan no longer be considered a
purely eukaryotic Xfp phenomenon with the discovefits existence in at least some
bacterial Xfps, specificalliz. plantarumXfp. However, there are differences between
the degree of substrate cooperativity and thetellimseffectors that inhibit or activate
eukaryotic Xfp and bacterial Xfp fro@. neoformansndL. plantarumrespectively.

Both C. neoformanXfp2 andL. plantarumXfp share PEP, OAA and glyoxylate as
allosteric inhibitors, bu€. neoforman¥fp2 is also inhibited by ATP and activated by
AMP while an activator of. plantarumXfp has yet to be discovered. Tighter regulation
of Xfp by ATP:AMP ratios may have evolved for ewatic Xfps due to the lack of
additional partner enzymes, compared to bactdréd,generate acetyl phosphate as a
substrate for Ack. Additionally, regulation by gkylate appears to result from different
phenomenon il€. neoformanshat primarily produces glyoxylate through theaylylate
cycle versud.. plantarumwhich appears to lack a glyoxylate cycle. Thespnee of
allosteric regulation for both bacterial and eulkuig Xfps suggests the production and
utilization of acetyl phosphate is important undéferent environmental stresses that

ultimately influence cellular metabolism.
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TABLE 3.1. Apparent kinetic parametersfor L. plantarum Xfp and C. neoformans
Xfp2.

app

Substrate K, (mM) kcata " (sec) kcat_l /KO_{’ H
(secmM )
L plantarum  F6P  11.0£14 1.05%0.05 0.10+0.01 0.99+0.04
Xfp P 10+0.1 112+0.03 1.11+0.09 0.68 +0.02
C.neoformans F6P  159%1.3 347£0.10 022+001 1.41+0.11
Xfp2* Pi 13.3+15 4.22+0.13 0.32+0.03 0.59+0.03

"Previously reported kinetic parameters (6).
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TABLE 3.2. Half maximal inhibitory concentrations (I Cs9)

Enzyme Inhibitor (Varied)  Inhibitor (Constant) IC,, (MM)
Glyoxylate ~  -------- 1.93+£0.05
-------- 6.70+£0.12
L. plantarum  PEP OAA (10.5 mM) 1.14+0.12
Xfp Glyoxylate (2 mM) 6.04 £ 0.11
oAA T 10.5 £ 0.07
Glyoxylate (2 mM) 7.78 £ 0.20
________ 493 +£0.04
Glyoxylate
C. neoformans PEP (8 mM) 3.13+0.18
Xfp2z 5.31+0.13
PEP
Glyoxylate (5 mM) 4.01 £ 0.07
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FIG 3.1. Effect of pH on L. plantarum Xfp and C. neoformans Xfp2 percent activity.
Enzyme reactions were performed using F6P ai@ £concentrations fok. plantarum

Xfp (m) andC. neoformanXfp2 (e). Activity begins to decrease at pH values alfde

for C. neoformanXfp2 and above 6.5 fdr. plantarumXfp.
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FIG 3.2. Effect of variousligandson L. plantarum Xfp activity. Reactions were
performed usingd.. plantarumXfp F6P and PKj s substrate concentrations. Two
concentrations of each coenzyme or metabolic irgdrate were tested. Reactions were
performed in triplicate. Activity is reported asrpentage of activity with no ligand

present.
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FIG 3.4. Inhibition of L. plantarum Xfp by OAA, PEP and glyoxylate. Reactions
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CHAPTER 4

INVESTIGATIONS INTO THE LOCATION OFC. NEOFORMANXFP2
ALLOSTERIC SITES THROUGH COMPUTATIONAL MODELING

AND SITE-DIRECTED MUTAGENESIS

Katie Glenn and Kerry Smith

l. ABSTRACT

Xylulose 5-phosphate/ fructose 6-phosphate phosgibtdse (Xfp) catalyzes the
reaction converting xylulose 5-phosphate (X5P)octbse 6-phosphate (FEP) to acetyl
phosphate and glyceraldehyde 3-phosphate (G3Rythwase 4-phosphate (E4P)
respectively. Recently we have determined thigast some fungal and bacterial Xfps
are allosteric enzymes. Ba@ityptococcus neoformangp2 andLactobacillus
plantarum Xfpare inhibited by phosphoenolpyruvate (PEP), oxadba acid (OAA), and
glyoxylate, and PEP and OAA appear to share thesarmpossess overlapping sites on
both Xfps. TheC. neoforman¥fp2 is also inhibited by ATP and activated by AMRit
theL. plantarumenzyme is unaffected by these ligands. Additiatiadlies provide
evidence that ATP inhibition &&. neoformanfp2 may be dependent on ATP

hydrolysis. Currently the only crystal structutleat exist of Xfp are from two bacteria,
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Bifidobacterium brevandBifidobacterium longum Here we describe the generation of
both a monomer and dimer model@fneoformanXfp2 using the existing bacterial Xfp
crystal structures. The models were used to ifieptissible allosteric binding sites, and
ligand docking simulations were performed using RB& OAA in an attempt to
discover the location of the PEP/OAA allosteriesiResidues predicted to form
hydrogen bonds with PEP and OAA were altered tothéral residue alanine or amino
acids of opposite charge, but these alterations hatto define the PEP/OAA pocket(s).
Also we discovered that AMP functions as a veryepbtnzyme activator capable of

rescuing activity of enzyme variants displaying imlawer activity than wild type.
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[I. INTRODUCTION

Xylulose 5-phosphate/ fructose 6-phosphate phasgiblase (Xfp) is a thiamine
pyrophosphate (TPP) dependent enzyme that catalyge®nversion of xylulose 5-
phosphate (X5P, EC 4.1.2.9; X5P +P acetyl phosphate + glyceraldehyde 3-
phosphate) or fructose 6-phosphate (F6P, EC 42.E&P + P— acetyl phosphate +
erythrose 4-phosphate) to acetyl phosphate. Giigirdentified and characterized in
bacteria (1-4), Xfp has more recently been founduascomycete and basidiomycete
fungi as well (5). Phylogenetic analysis show foagal Xfps separate into two distinct
clades designated x$P1andXFP2(A. Guggisberg and K. Smith, unpublished data).
All fungi in which an acetate kinasACK) open reading frame (ORF) has been identified
also have aXFP ORF (5). Therefore, as in certain bacteria, fpelieved to partner
with Ack (EC 2.7.2.1; acetyl phosphate + AlbPacetate + ATP) in fungi as part of a
modified pentose phosphate pathway to generatatacatd ATP from pentose

phosphate pathway product X5P and F6P via formati@atetyl phosphate.

We purified and characterized the first eukaryitipo, Cryptococcus neoformans
Xfp2 (Accession # CNAG_06923.7) (6). Unlike prewsty characterized bacterial Xfp
enzymes (1-4)C. neoformanxfp2 displayed both substrate cooperativity (posit
cooperativity in regards to F6P binding and negatiwoperativity for Poinding) and
allosteric regulationC. neoforman&fp2 activity was inhibited by ATP,

phosphenolpyruvate (PEP), oxaloacetic acid (OAB) ahd glyoxylate (K. Glenn and K.

101



Smith, in revision) and activated by AMP (6). Homs kinetic characterizations of Xfp
from bacteria do not report the presence of eghéstrate cooperativity or allosteric
regulation for these enzymes (1-4). Recently, wifipd and demonstrated that the
Lactobacillus plantarunXfp, initially characterized by Yevenes al (2), displayed both
substrate cooperativity and allosteric regulatioie found that.. plantarumXfp is an
allosteric enzyme inhibited by PEP, OAA and gly@tgl but unaffected by ATP and
AMP; and this enzyme also exhibits negative codpatgafor P; (K. Glenn and K.

Smith, in revision).

Currently, the structures 8ffidobacterium brev¢3) andBifidobacterium
longum(7) Xfp enzymes have been solved. Analysis ofe¢hstructures show that the
Xfp monomer consists of 3 domains, the N-termid) domain, the Middle (Pyr)
domain and the C-terminal domain, with the actite Iscated between the PP and Pyr
domains (3,7). Both structures support the pinggda bi reaction mechanism originally
proposed by Yevenex al (2,3,7). Even though neithBr brevenorB. longumXfp
have been reported to be allosterically regulated studies have shown that at least one
bacterial Xfp,L. plantarumXfp, is an allosteric enzyme (K. Glenn and K. Smih
revision). Here we describe the generation Gf aeoformanXfp2 model from the
existingB. breveandB. longumXfp crystal structures. Since both a bacterigd Zhd C.
neoformans Xfp are allosterically regulated by RiEE OAA at a shared or overlapping
site (K. Glenn and K. Smith, in revision), we penfied ligand docking simulations to
attempt to determine the location®©f neoformanfp2 allosteric binding sites,

primarily focusing on the PEP/OAA binding site.
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[ll. MATERIALS AND METHODS

Materials

All chemicals were purchased from VWR, Fisher Btire, or Sigma Aldrich.
Oligonucleotides for site-directed mutagenesis vpemehased from Integrated DNA

Technologies.

Molecular M odeling

All modeling was performed using Accelrys Discov&tudio 3.5 software. The
C. neoforman¥fp2 monomer model was built from the aligned aogerimposed
template structures of boBh breve(PDB ID 3AHC) andB. longum(PDB ID 3Al7) Xfp
downloaded from RSCB Protein Data Bank (PDB). ThaeoformanXfp2 homodimer
model was built from th8. longumXfp structure (PDB ID 3Al7). The monomer and
homodimer model with the lowest Discrete OptimiBrdtein Energy (DOPE) score
were chosen for further analysis. Models were greg prior to use by other software
applications using the Automatic Preparation fuorcthat prepares the protein by
inserting missing atoms, modeling missing loops)aeing water molecules and
protonating residues based on a pH of 5.5, at wimakimalC. neoformanXfp2
activity occurs. Possible allosteric binding sie=re determined by first identifying all
possible cavities on the Xfp2 model using the Defind Edit Binding Sites From

Receptor Cavities function. Ligand docking simiaas were then performed for a

103



specified ligand using the software’s LibDOCK funatthat docks ligands within a site

based on the ligand’s interaction with polar andlapregions within that site.

Site-Directed M utagenesis

Site-directed mutagenesis was performed on therco@timizedC. neoformans
Xfp2 gene using the QuikChange site-directed murtagie kit (Agilent Technologies,
Inc.) to alter residues predicted to interact iglands within proposed ligand binding
sites of the Xfp2 model. Mutagenic primers wereragmately 40 nucleotides in length
with the altered base located in the center okdtpience. Mutagenesis was confirmed

by Sanger-style sequencing at the Clemson Uniye@homics Institute.

Production and Purification of C. neoformans Xfp2 Variants

Confirmed Xfp2 variants were produced in Eschericia coliexpression strain
RosettaBlue™ (Novagen) grown in LB medium supple@emvith 1 % dextrose, 50
pg/mL ampicillin, and 34 pug/mL chloramphenicol. @&t absorbance of ~0.8 at 600 nm,
IPTG was added to a final concentration of 1 mNhthuce production of the enzyme.
Expression was allowed to proceed overnight at rtemperature, and cells were
harvested by centrifugatiorC. neoformanXfp2 variants were purified as previously

described for wild typ€. neoformanXfp2 (6).

Enzymatic Assaysfor Xfp2 Activity

C. neoforman&fp2 activity was determined by measuring the piciabn of

acetyl phosphate using a modified hydroxamate gasayously described (6,8). 200 pL
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standard reaction mixtures were prepared as prslyiaescribed (6), and only F6P and
sodium phosphate pH 5.5 were used as substratds theelack of commercial
availability of X5P. Reactions were initiated netaddition of enzyme and allowed to
proceed for 30 minutes at 40°C. Afterwards, 1000fitEM hydroxylamine HCI (pH 7.0)
was added to each reaction, and the reactionsallereed to incubate at room
temperature for 10 minutes to convert all acetylgpihate to acetyl hydroxamate.
Finally, reactions were terminated by the additdé®00 pL of a 50:50 mixture of 2.5 %
FeClI3 in 2N HCI and 10 % trichloroacetic acid tmgeate the ferric hydroxamate
complex that was measured spectrophotometricabg@tinm. Most initial tests of
variant activity in the presence and absence df B&P and AMP were performed in
singlet trials. The R66A variant full kinetic agails and all ATP hydrolysis experiments

were performed in triplicate.
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IV. RESULTS

Generation of C. neoformans Xfp2 monomer model

TheC. neoformanxfp2 monomer model (Figure 4.1) was built from the
monomer structures of boB breveandB. longumXfp using Accelrys Discovery Studio
3.5 software. Like th8. breveandB. longumXfp, theC. neoformanXfp2 monomer
consists of an N-terminal PP (blue), middle Pyrife}hand C-terminal (red) domain.

The Define Binding Site from Receptor Cavities fuime was performed and located a
total of 44 possible binding sites on feneoformanXfp2 model. Ligand docking
simulations showed that TPP binds to site 5 omrtbdel which overlaps well with the
TPP binding sites dB. breve(3) andB. longumXfp (7). Therefore, site 5 (labeled with a
red circle in Figure 4.1) is considered to be theation of theC. neoformanXfp2 active

site.

I nvestigationsinto the location of the C. neoformans Xfp2 PEP/OAA allosteric site

based on bonds formed between ligand and evolutionarily conserved residues

The PEP and OAA molecule structures were impartedDiscovery Studio 3.5
software and docked into each of the 44 possilbldibg sites using the LibDock
function. Both PEP and OAA were successfully dockéo many of the sites. Since
PEP and OAA have been demonstrated to be allost#eictors for the bacterial

plantarumXfp (K. Glenn and K. Smith, in revision) and thekaryoticC. neoformans
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Xfp2 (6), we hypothesize that this site may be etroharily conserved among both
bacterial and eukaryotic Xfps. Therefore, we afiead to narrow down the number of
candidate PEP/OAA binding sites by focusing onssmewhich both PEP and OAA can
bind and directly interact, through hydrogen bogginith several evolutionarily
conserved residues within that site. ConSurf semas used to determine if a residue is
evolutionarily conserved (9,10). The ConSurf seffirst searches for sequences
homologous to the sequence of interest and thenrag#i-sequence alignment, existing
structures, and phylogenetic analysis to assigdues in the input sequence a score of 1

to 9, with a score of 9 assigned to residues tleatansidered to be highly conserved.

Utilizing the methodology outlined above we idéetl two sites, site 13 and site
35, as PEP/OAA binding site candidates. The posif these sites on tig2
neoformans<fp2 monomer model (Figure 4.2), along with 2Dgitems that represent
one of several positions in which PEP can bindiwidach site. In both site 13 and site
35, PEP and OAA hydrogen bond with two evolutiolyazonserved residues (ConSurf
scores of 8 or 9). Site-directed mutagenesis \wa®pned to generate the individual
variants R66A and K64A in site 13 and D547K and B&0n site 35 because these
residues had high ConSurf scores and were predicteéidectly interact with PEP and
OAA by forming hydrogen bonds. All residues foriethmutagenesis was performed

are listed in Table 4.1 along with their ConSudres and binding site location.

TheC. neoformanXfp2 R66A variant was the only variant active eglouo

perform a full kinetic analysis (Table 4.2). Akéon of Arg66 to Ala primarily reduced
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the overall enzyme activity demonstrated by a moater k., " compared to wild type
(WT) C. neoformanXfp2. The R66A variant has similip s values to those of the WT
and also retains both positive cooperativity (hfel)F6P and negative cooperativity
(h<1) for R (Table 4.2). Since the R66A variant was generdtegto its possible
interactions with PEP within a proposed PEP/OAAdmg site, PEP was added to the
reaction mix to determine if activity of this vamias still inhibited by the presence of
PEP. All previous studies involving allosteric iinitors have been performed usiKgs
substrate concentrations. K§ s concentrations for both substrates, the activitye
R66A variant is only around 0.027 pumol of prodwrtied per 30 minute reaction. In
the presence of 8 mM PEP, R66A activity decreases 0.027 pmol to 0.012 pumol of
product formed per 30 minute reaction. TherefBieR still inhibits R66A activity, but it
is difficult to compare PEP’s effect on R66A to T neoformanXfp2 at similar

concentrations when the activity of the R66A variarvery low.

AMP actsasa very potent enzyme activator/stabilizer

In an attempt to increase R66A variant activigrying amounts of AMP, the
only knownC. neoforman¥fp2 activator (6), was added to the reaction as#es
expected, like with the WT, AMP was able to inceeastivity of the R66A variant
(Figure 4.3). Surprisingly, the addition of AMP svable to rescue R66A activity back to
WT levels. Upon the addition of 2 mM AMP, R66A iattly reaches 100% WT activity
of the same enzyme concentration. Since AMP bd®86A activity, PEP inhibition was

tested in presence of AMP (Figure 4.4). The efté¢he presence and absence of 8 mM
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PEP on R66A activity was tested on reactions comtgi0.02, 0.2 and 0.5 mM AMP. As
shown in Figure 4.4, 8 mM PEP inhibits activitytihe presence of all three

concentrations of AMP suggesting that R66A is ngblved in the binding of PEP.

To better understand why the R66A alteration draky reduces enzyme activity
and how AMP is capable of overcoming the effectth mutation, a model was
generated of the R66A variant using the Build Mufanction of the Discovery Studio
3.5 software. Figure 4.5 shows an overlay of the®V neoformanXfp2 model and the
R66A variant focused on the R66 residue with asptere marking the active site. The
R66 residue is in close proximity to the active sénd therefore, may even be involved
in active site mechanisms such as substrate biratistabilizing reaction intermediates.
Additionally the R66A variant is predicted to praguseveral structural changes,
indicated by green arrows in Figure 4.5, that ése & close proximity to the active site.
Therefore the R66A model suggests that the reduati@nzyme activity may be due to
changes in the enzyme active site but does noigeonsight as to how AMP is able to

overcome such structural alterations.

C. neoformanXfp2 is known to have optimal activity at lower p&hd activity
decreases as pH approaches neutrality. Theref@effect of AMP orC. neoformans
Xfp2 activity in the presence of increasing pH wested. It was found that AMP can
increase WT activity & s substrate concentrations at elevated pH valugsi(&i4.6).
The addition of 0.5 mM AMP can increase Xfp2 a¢yiay approximately 8-fold at pH

7.0.
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I nvestigationsinto the location of the C. neoformans Xfp2 PEP/OAA allosteric site

based on bondsformed between ligand and arginineresidues

Utilizing PDBeMotif version 2.0c, an online sergithat searches the Protein
Data Bank with respect to protein motifs (11), @sadiscovered that PEP often directly
interacts and binds with arginine residues in pnogetive sites. Therefore, all of the
putative binding sites of thé. neoformanfp2 model were explored to locate sites in
which PEP could interact with an arginine residlibere are five sites (Figure 4.7) in
which PEP is predicted to bind and interact withaeginine residue. Two of these sites,
site 10 and site 14, overlap, and PEP is predict@ateract with the same arginine
residue, Arg571. The four arginine residues, tB@nSurf scores, the mutations

generated, and binding site location are listetiahle 4.1.

Both R300A and R55A variants were active in theeslge of the activator AMP
but activity was roughly 25% lower than WT at tlaene concentration for R55A and
75% lower for R300A. Both variants displayed aation in the presence of 0.5 mM
AMP and inhibition in the presence of 8 mM PEP.eiHfore, neither residue appears to
be involved in PEP binding. Purified R571A and BX%ad very low concentrations (~
0.3 mg/mL) after column purification. Both variarghowed no activity for R753A and
very little activity for R571A (~0.034 umol of produformed per 30 minute reaction).
However, the addition of 0.5 mM AMP resulted in soattivity from R753A variant (~
0.04 umol of product per 30 minute reaction), g aictivity was inhibited by the

addition of 8 mM PEP. Interestingly addition 0cb®M AMP did not increase R571A
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activity, but the little activity observed for thigriant was inhibited by 8 mM PEP.
Based on these findings it appears that neithed RBY R753 are involved in PEP

binding, however additional tests are needed ® them out with any certainty.

Generation of C. neoformans Xfp2 dimer structure

The functional unit of botB. breveandB. longumXfp is a dimer. However the
only Xfp dimer structure available in PDB is th&tB longum Therefore, thE.
neoformans<fp2 dimer model (Figure 4.8) was built from thienér structure oB.
longumXfp only. TheC. neoformanXfp2 dimer model consists of two active sited stil
located between the N-terminal and middle domaireaoh monomer. However it has
been shown that residues from both subunits compash active site of thg longum
Xfp (7), and this is most likely the case for neoformanXfp2 as well. Therefore, itis

possible that allosteric sites may consist of igssdfrom both monomers.

ATP Inhibition may be dependent on ATP hydrolysis

Since theC. neoformanXfp2 model was built from bacterial Xfps, the sgafor
allosteric binding sites using this model has ttansentered on identifying the
PEP/OAA binding sites known to exist for at leasé tacterial Xfps (K. Glenn and K.
Smith, in revision). Therefore, the model may betrelevant in determining the location
of the ATP or AMP site because neither of theseotdirs allosterically affect bacterial
Xfp activity. However, a non-hydrolyzable ATP ap@|p,y-methyleneadenosing-5
triphosphate (AMP-PCP), was used to learn more taibbeumechanism of ATP

inhibition, and to determine if it is dependenttba hydrolysis of ATP.
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Unlike ATP, AMP-PCP does not inhilfit. neoformanfp2 (Figure 4.9). More
interestingly, AMP-PCP resulted in slightly elevaectivity compared to activity when
no effector is present. Adenosine was testeddafsehibition is dependent on the
adenosine portion of ATP, but adenosine alone doeappear to contribute to
inhibition. These results suggest that ATP hydislynay be an important factor in ATP
inhibition of C. neoformanxfp2. Since AMP-PCP shows slight elevation of WT
activity, the effect of AMP-PCP at both pH 5.5 gitdl 7.0 was tested to determine if
AMP-PCP mimics AMP’s ability to enhance Xfp2 actvat elevated pH. AMP-PCP can
enhance WT activity at elevated pH but not to thel observed with AMP (Figure
4.10). Additionally, AMP-PCP and ATP were both eddo the reaction to determine if
AMP-PCP can rescue ATP inhibition. Reactions coirtg both AMP-PCP and ATP
display intermediate activity between that of ATRI&AMP-PCP presence alone (Figure
4.11) which may suggest competitive binding betwaathh molecules to occupy the

allosteric site.
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V. DISCUSSION

We have recently shown that at least some Xfpmezsyfrom both bacteria (K.
Glenn and K. Smith, in revision) and fungi (6) afi®sterically regulated. Both.
plantarumXfp andC. neoformanXfp2 are inhibited by PEP, OAA and glyoxylate, and
PEP and OAA appear to share the same or possesappieg allosteric sites. Here we
attempt to locate the PEP/OAA allosteric site tigtoligand docking simulations using a
C. neoforman&fp2 model built from known bacterial Xfp cryststructures fronB.
breve(3) andB. longum(7). Like withB. breveandB. longumXfp, theC. neoformans
Xfp2 model shows the active site to be located betwthe N-terminal (PP) domain and
the middle (PYR) domain. The software’s Define &utik Binding Site feature located a
total of 44 possible binding sites on the Xfp2 modgites were narrowed down using
two different methodologies. The first method ilweal focusing on sites in which both
PEP and OAA docked and formed bonds with resideesngd to be evolutionarily
conserved due to their high ConSurf scores (9,10 second method involved focusing
on sites in which docked PEP interacted with argniesidues, as a search of the
PDBeMotif database (11) showed that PEP often fdromgls with arginine residues

within active sites.

Two possible PEP/OAA binding sites, site 13 and 3§ were first chosen due to
their ability to potentially bind both PEP and OAAch that bonds were formed between

the ligand and Xfp2 residues having high ConSwfes. Except for the R66A variant,
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most of the Xfp2 variants purified were not higllyncentrated, so a full kinetic analysis
was performed only on the R66A variant. The R66&ration primarily caused a
dramatic decrease in turnover numbeyg, compared to WT Xfp2. AMP was added to
the R66A reaction mix in an attempt to boost agtifor PEP inhibition analysis, but
surprisingly, AMP at a concentration of 2 mM wagpalale of rescuing R66A activity up
to WT values (Figure 4.3). The R66 residue istedaery close to the Xfp2 active site
(Figure 4.5). Therefore, it is possible that R&&ymlay a role in active site reaction
mechanism. In fact generating the R66A alteratising the Build Mutant Function of
Discovery Studio 3.5 software shows some structiltatations in regions of the protein
located close to the active site (Figure 4.5). Ewev it remains unclear as to how AMP
is able to override the structural changes indumethe R66A alteration. We
hypothesize that the binding of AMP stabilizes @loéve R state form of the enzyme
over the less active T state form. It is possibé if R66A variant destabilizes the active
site then AMP’s ability to induce the R state mawihy AMP can completely override
this amino acid change. In addition to being cépabcircumventing enzyme alterations
induced by amino acid changes, AMP is capable adtarally increasing. neoformans
Xfp2 activity at elevated pH. The ability of AMB induce a conformational change that
overrides the changes caused by a residue altei@tielevated pH shows that AMP is a
much stronger activator than previously thoughowever as the R66A variant is still
inhibited by PEP even in the presence of AMP, thssdue does not appear to be
involved in PEP binding. Additionally the K602Anant from site 35 displayed some

activity in the presence of AMP that was also iftleth by the presence of PEP.
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Therefore, we found no evidence suggesting eitbhel8 or sites 35 as part of a

PEP/OAA binding site.

We vitalized a second approach to identify the RE¥A binding site by focusing
on sites in which PEP forms hydrogen bonds withsile chain of arginine residues. A
search of the Protein Data Bank using PDBeMotieeded that PEP often forms bonds
with arginine residues within active sites. Theref all arginine residues predicted to
interact with PEP through ligand docking simulatiavere altered. All four arginine
variants displayed reduced enzyme activity; howether activity was still inhibited by
the presence of PEP suggesting that these resadei@®t essential for PEP binding.
Additionally three of the four variants were actaw by AMP; however, there was no
increase in R571A variant activity in the preseat&MP. Therefore, it is possible that
R571A may be involved in AMP binding. The R571 des on theC. neoformanXfp2
dimer model (Figure 4.12) is not near the activessnor is it located near junctions
between both monomers to form the dimer suggedtisgot involved in either the
active site mechanism or in subunit oligomerizatidine location of R571 on the C-
terminal domain lends support to a possible involeet in allosteric effector binding
since it has been suggested that the C-terminaaatoaf the phosphoketolase related
enzyme transketolase may serve as a binding sitedolatory molecules (12). For now
it is difficult to determine the role that R571 yéain the Xfp2 structure because activity
and concentration of the R571A variant were vewy. |¢-uture studies involving this

variant will be dependent on the purification ofladnal, more concentrated enzyme.
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There is no evidence th@t neoformanxfp2 inhibition by ATP is dependent
upon ATP hydrolysis based on the absence of a Walkéf (13) within the Xfp2
sequence. However, the effects of non-hydrolyzalle on Xfp2 activity were still
investigated. The presence of the non-hydrolyzAlilé analog, AMP-PCP, did not
inhibit C. neformans(fp2 activity and actually resulted in slightlyeghted activity
compared to the absence of any effector. Thidtresggests that ATP inhibition is
dependent upon ATP hydrolysis. Alternatively, ANNEP may actually mimic the
binding of AMP rather than ATP, which would expléie slight increase in activity
compared to activity in the absence of effectanc& AMP is capable of increasiay
neoformans<fp2 activity at elevated pH, the effect of AMP-P®©n Xfp2 activity was
tested at both pH 5.5 and pH 7.0. AMP-PCP stiredlatfp2 activity but the stimulation
was much lower than that of AMP, especially at pi AWhen both AMP-PCP and ATP
are present, activity is intermediate to that ofPAdr AMP-PCP present alone, suggesting
that ATP and AMP-PCP do compete for the same allmssite. Additional studies are

required to determine if ATP inhibition is trulyglendent on ATP hydrolysis.

In conclusion, the sites we identified in BeneoformanXfp2 monomer model
proved not to be the PEP/OAA binding site. Howewéner potential allosteric sites
remain to be explored. Phosphofructokinase (Pfi€) principle regulatory enzyme of
glycolysis, is one of the most well studied allostenzymes (14). The primary allosteric
effectors of Pfk are ADP, which functions as anvator, and PEP, which functions as an
inhibitor. Structural studies of Pfk froB1 stearothermophilushow that PEP and ADP

both bind at a single site located at the interfaetgveen tetrameric subunits but induce

116



very different conformational changes (14,15). ref@re, it may be worthwhile to
continue the search f@. neoformanXfp2 allosteric effector sites using the dimer
model, focusing on sites between subunits. We hasently shown that the bacterial
Xfp from L. plantarumis not regulated by ATP and AMP, the primary intaband
activator ofC. neoformanxfp2 respectively (K. Glenn and K. Smith, in ragis). Since
theC. neoformanXfp2 model was built from bacterial Xfp structuréisis model is less
likely to be relevant in identifying the bindingess of AMP and ATP. However, initial
ligand docking simulations showed that ATP can bimdnly a few predicted sites on the
C. neoformanfp2 monomer, but additional binding sites wikdly be revealed
through ligand docking simulations with the dimesdal. Our preliminary studies
suggest that ATP inhibition may even be dependpohATP hydrolysis a€.
neoformans<fp2 is not inhibited by the non-hydrolyzable A@Ralog AMP-PCP.
AMP-PCP instead caused slight enzyme activatioggesting that AMP-PCP may
mimic AMP binding. However, we also saw evidencesstent with competitive
binding between ATP and AMP-PCP for the ATP allastsite (Figure 4.11). The
AMP-PCP binding data also supports the idea ohglsibinding site for AMP and ATP,
much like the ADP/PEP effector site of Pfk. Congd studies of th€. neoformans
Xfp2 monomer and dimer models should reveal mdiemmation regarding the

mechanisms of Xfp allosteric regulation and thetmmn of these allosteric binding sites.

117



VI. ACKNOWLEDGMENTS

This work was supported by awards from the Natidmstitutes of Health
(GM084417-01A1), National Science Foundation (Awa0820274), and South

Carolina Experiment Station Project SC-1700340.

118



VIl. REFERENCES

Meile, L., Rohr, L. M., Geissmann, T. A., Herpagger, M., and Teuber, M.
(2001) Characterization of the D-xylulose 5-phogph2fructose 6-phosphate
phosphoketolase gene (xfp) fr@ifidobacterium lactisJ. Bacteriol.183, 2929-
2936

Yevenes, A., and Frey, P. A. (2008) Cloning,respion, purification, cofactor
requirements, and steady state kinetics of phosgibtdse-2 fronLactobacillus
plantarum Bioorg. Chem36, 121-127

Suzuki, R., Katayama, T., Kim, B. J., Wakagi,Shoun, H., Ashida, H.,
Yamamoto, K., and Fushinobu, S. (2010) Crystalcstmes of phosphoketolase:
thiamine diphosphate-dependent dehydration meamadiBiol. Chem285,
34279-34287

Petrareanu, G., Balasu, M. C., Vacaru, A. M.nkanu, C. V., lonescu, A. E.,
Matei, I., and Szedlacsek, S. E. (2014) Phosphtdsse fronlactococcus lactis
Leuconostoc mesenteroid@sdPseudomonas aeruginasdissimilar sequences,
similar substrates but distinct enzymatic charasties. Appl. Microbiol.
Biotechnol, 7855-7867

Ingram-Smith, C., Martin, S. R., and Smith, K(&Z06) Acetate kinase: not just
a bacterial enzymd&rends Microbiol.14, 249-253

Glenn, K., Ingram-Smith, C., and Smith, K. %2) Biochemical and Kinetic
Characterization of Xylulose 5-phosphate/Fructophi@sphate Phosphoketolase
2 (Xfp2) fromCryptococcus neoformanSukaryot. Celll3, 657-663

Takahashi, K., Tagami, U., Shimba, N., Kashiwdgi Ishikawa, K., and Suzuki,
E. (2010) Crystal structure &ifidobacterium longunphosphoketolase; key
enzyme for glucose metabolism in Bifidobacterit#BBS Lett584, 3855-3861

Lipmann, F., and Tuttle, L. C. (1945) A specificcromethod for determination
of acyl phosphated. Biol. Chem159, 21-28

Ashkenazy, H., Erez, E., Martz, E., Pupko, d Ben-Tal, N. (2010) ConSurf
2010: calculating evolutionary conservation in sawe and structure of proteins
and nucleic acidNucleic Acids Resl-5

119



10.

11.

12.

13.

14.

15.

Celniker, G., Nimrod, G., Ashkenazy, H., Glaser Martz, E., Mayrose, .,
Pupko, T., and Beital, N. (2013) ConSurf: using evolutionary datadse
testable hypotheses about protein functisn.J. Chem53, 199-206

Golovin, A., and Henrick, K. (2008) MSDmotifkg@doring protein sites and
motifs. BMC Bioinformatic®, 312-323

Lindgvist, Y., Schneider, G., Ermler, U., angth8strom, M. (1992) Three-
dimensional structure of transketolase, a thiardipposphate dependent enzyme,
at 2.5 A resolutionEMBO J.11, 2373-2379

Walker, J. E., Saraste, M., Runswick, M. Jd @ay, N. J. (1982) Distantly
related sequences in the alpha-and beta-subuni$Pfsynthase, myosin,
kinases and other ATP-requiring enzymes and a canmmoleotide binding fold.

EMBO J.1, 945-951
Traut, T. (2008Allosteric regulatory enzymeSpringer

Schirmer, T., and Evans, P. R. (1990) Struthasis of the allosteric behaviour
of phosphofructokinas@&ature343, 140-145

120



TABLE 4.1. C. neoformans Xfp2 enzyme variants.

Residue ConSurf score Variant Binding Site
R66 8,e,f R66A 13
K64 9,ef K64A 13
D547 9,ef D547K 35
K602 9,ef K602A 35
R571 9,b,s R571A 10& 14
R753 9,ef R753A 30
R55 2, e R55A 17
R300 8, ef R300A 24

ConSurf assigns scores1-9 with 9 correspondinghiglaly conserved residue along with
the following descriptors e = exposed, b = burfeglfunctional, and/ or s = structural
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TABLE 4.2. Apparent kinetic parametersfor C. neoformans Xfp2 R66A variant

app -1 k apF/K

Substrate Ky (MM)  k 0%
(sec mM )

C. neoformans F6P  26.7+1.0 0.063 +0.003 0.0024 +0.0001 2.14 + 0.27
Xfp2 R66A P 17.1+2.6 0.055+0.005 0.0032 +0.0003 0.75 + 0.05

C. neoformans F6P 159+1.3 3.47+0.10 0.22 +£0.01 1.41+£0.11
Xfp2 WT* P 13.3+1.5 422+0.13  0.32+0.03 0.59 +0.03

WT — wild type, *Previously reported kinetic paraers (6).
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FIG 4.1. Modd of C. neoformans Xfp2 monomer. Model was generated using both
theB. breveandB. longumXfp crystal structures. Model colored from N-témad (blue)

to C-terminal (red). Active site (area where TRRIb) is marked by a transparent red

sphere.
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FIG 4.2. Location of the predicted PEP binding sites 13 and 35. Red spheres ma
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FIG 4.3. AMP activation of C. neoformans Xfp2 R66A variant. Reactions were
performed in triplicate fo€. neoformanXfp2 R66A variant using WT. neoformans
Xfp2 F6P and PKg s concentrations in the presence of increasing amsafrAMP.
Activity was measured as a percentage of @/ heoformanXfp2 where activity with

no AMP at the same enzyme concentration as the R&6Ant was set at 100%.
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FIG 4.4. Effect of PEP on C. neoformans Xfp2 R66A variant activity in the presence
of AMP. Reactions were performed in singlet using wild tC. neoformar Xfp2 Ko s
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reactions.

126



FIG 4.5. Modd predicting structural effects of R66A mutation. The wild typeC.
neoformans<fp2 model is in blue, and the R66A mutation madeh pink. R66 residu
is shown in yellow. Th€. neoformar Xfp2 active site is marked by the red sphe

Green arrows point to structural changes causadeiR66A mutation.
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FIG 4.6. Effect of pH on WT C. neoformans Xfp2 activity in the presence and
absence of AMP. Reactions were performed in triplicate using s substrate
concentrations, and activity is reportecumol of product formed per 30 mint
reaction. Wild typeC. neoformar Xfp2 activity was measured as a functior
increasing pH in the presence of 0 mM AMP (red)20nM AMP (blue) and 0.5 ml

AMP (green).
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24

FIG 4.7. Location of siteson the C. neoformans Xfp2 model in which PEP interacts
with arginineresidues. Sites 10, 14, 17, 24, and 30, labeled with arrongsraarked b
red spheres on th@. neoformar Xfp2 monomer model, contain arginine residues

through ligand docking simulations are predictethteract with PEF
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FIG 4.8. C. neoformans Xfp2 dimer model. Model generated from tH& longumXfp

dimer structure. Colors indicate the N-termindli€) and C-terminal (red) domains.
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FIG 4.12. Location of R571 residue on the C. neoformans Xfp2 dimer model. The
two large red spheres mark the two active siteah@fp2 dimer. The 571 residue i

colored green on one of the two monomers and yeatiothe other.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORKS

This dissertation describes the first characéion of a eukaryotic xylulose 5-
phosphate/ fructose 6-phosphate phosphoketolagg {#6im the pathogenic fungus
Cryptococcus neoformans<fp is believed to partner with acetate kina&ek) to
produce acetate during cryptococcal infection.digsihave shown that acetate is one of
the most abundant metabolites produced during acgatcosis. In addition, Xfp and Ack
have been shown in several different studies texpeessed and/or upregulatedin
neoformangluring infection, and an Xfp2 homolog has beershto be required for
full virulence in the insect fungal pathogktetharizium anisopliae If the Xfp-Ack
pathway does prove to be important dur@gheoformanafection, this pathway could

be utilized as a possible drug target as theseneezare not present in humans.

C. neoforman¥fp2 displayed substrate cooperativity in the fafipositive
cooperativity for fructose 6-phosphate (F6P) andbhege 5-phosphate (X5P) and
negative cooperativity for;P Additionally, C. neoformanfp2 was found to be an
allosteric enzyme inhibited by ATP, phosphoenolpgte (PEP), oxaloacetic acid
(OAA) and glyoxylate and activated by AMP. Studsb®wed that PEP and OAA share
the same or possess overlapping allosteric sitéseoanzyme while ATP and glyoxylate
bind at separate sites. Regulation by AMP:ATRIlegeem to support a partnership

between Xfp2 and Ack in producing acetate and ATiennhibition by PEP, OAA, and

135



glyoxylate seem to suggest an indirect connecteiwéen the Xfp-Ack pathway and

gluconeogenesis and the glyoxylate cycle respdgt{(gure 5.1).

Even though bacterial Xfps have previously bearatterized, there is no report
that any of these enzymes display either substadperativity or allosteric regulation.
TheLactobacillus plantarunXfp was purified and characterized specifically to
determine if this enzyme displayed substrate caip#tly or allosteric regulationL.
plantrum Xfp displayed substrate cooperativity in the fasfmegative cooperativity for
P, and was found to be an allosteric enzyme inhidig®EP, OAA and glyoxylate but
unaffected by the primai@. neoformanXfp2 allosteric effectors, ATP and AMP. Like
with C. neoforman¥fp2, PEP and OAA bind at the same or overlapsiibes orL.
plantarumXfp while glyoxylate binds at a separate site.is8tudy provided the first

evidence that at least some bacterial Xfps arestaltwally regulated.

To locate theC. neoformanXfp2 allosteric sites, a model of this enzyme was
generated from the existing bacterial Xfp structremBifidobacterium brevand
Bifidobacterium longum Ligand docking simulations were performed ugtiP and
OAA within predicted binding sites. Several siesre investigated by performing site-
directed mutagenesis on residues predicted tothineteract with PEP and OAA. Each
variant generated was still inhibited by PEP sutiggshat those residues, and most
likely those sites, are not involved in PEP bindirigyen though these studies have yet to
reveal the location of the PEP/OAA binding sité®ythave provided some interesting

insights into other aspects ©f neoformanXfp2 regulation. For example, we
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discovered that AMP acts as a very potent activa#dP was able to rescue at least
some activity for most variants that showed a atersible decrease in activity. AMP
was able to fully rescue activity of the R66A vatidack up to wild type activity values.
However, one variant, R571A, showed no increaseiivity in the presence of AMP.
Therefore it is possible that we have stumbledssceoresidue that is part of the AMP
allosteric site, but additional studies will be deé to show this. In addition, the
presence of AMP was able to overcome the decredaSerneoformanfp2 activity that
occurs at elevated pH values. It is possible AMP is capable of overcoming what are
typically adverse conditions, such as single anaicid mutations and elevated pH,
because it induces a very stable, active R statgnem conformation. Additionally,
preliminary studies were performed using a non-blydiable ATP to see if ATP
inhibition is dependent on ATP hydrolysis. The +igmrolyzable ATP did not inhibit
the enzyme suggesting that inhibition by ATP maylependent on ATP hydrolysis, but

additional experiments in this area are requiredet@rmine if this is true.

Future studies should focus on gaining a bettderstanding o€. neoformans
Xfp2 allosteric regulation. Ideally a crystal stture ofC. neoformanXfp2 in the
presence and absence of allosteric effectors walhially be obtained. However, to
obtain a crystal structure, very pure, concentratetyme is required, and in my
experience, very little enzyme following purifioati. Future studies should focus on
ways to generate and purify more enzyme by usifigrdnt expression vectors and
possibly a different expression system other tacoli. Until a crystal structure @f.

neoformans<fp2 is obtained, the models generated and desttiibthis dissertation
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provide the best resource for exploring and idgimgf the location of allosteric sites.
However, studies utilizing the Xfp2 monomer struethave yet to reveal the location of
the PEP/OAA binding site. The recently obtainadel model shows new binding sites
formed between both monomers. Therefore futurdietushould focus on new sites
within this Xfp2 dimer model. Also additional siaed are necessary to determine if ATP
inhibition is dependent upon ATP hydrolysis asipnglary assays using a non-
hydrolyzable ATP suggest. Future studies shouldlwe radiolabeled ATP and thin
layer chromatography analysis to determine if A3Rydrolyzed and converted to

labeled ADP byC. neoforman&fp2 during inhibition.

These studies have revealed that at least sonyenesan the Xfp family from
both fungi and bacteria exhibit substrate coopétstand are allosterically regulated.
The regulation of both. plantarumXfp andC. neoforman¥fp2 by different allosteric
effectors, suggests that this enzyme plays diftei@ps in bacteria and fungi. However,
such tight regulation of Xfp by several differen¢tabolic intermediates suggests that the
production of acetyl phosphate may be an impogiaehomenon in both bacteria and
fungi under various environmental conditions tHéamately influence cellular

metabolism.
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APPENDIX

Appendix A

A MUTATION OF CRE1IN MEDICAGO TRUNCATULAHAT SUPPRESSES
SUPERNODULATION AND ROOT GROWTH WITH MINIMAL EFFECTON

CYTOKININ RESPONSES
Elise L. Schnabel, Tessema K. Kassaw, Katie F. GlEerry S. Smith

and Julia A. Frugoli

MATERIALS AND METHODS
Molecular Modeling

Discovery Studio 3.5 software (Accelrys, Inc.) waed to generate a model of
the wild type M. truncatulacytokinin receptor sensor domaMtCRE1) based on the
Arabidopsis thaliandnistidine kinase 4 (AHK4) complexed with N6-isopamyladenine
(accession code 3T4J) from Hothoehal. (2011). TheMtCRE1 V971 variant model was
generated using the software’s Build Mutant functioat creates an alteration at the
specified residue and optimizes conformation ofrthetated and surrounding residues.
For both the wild type and V971 variant, the magih the lowest DOPE (Discrete
Optimized Protein Energy) score was chosen foh&uranalysis. The Define and Edit

Binding Sites From Receptor Cavities function wasdito determine the active site for
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both the wild type and variant model and the sitg bverlaid best with the active site of
AHK4 was chosen for ligand docking simulationsgdmd docking of the cytokinin
ligand N6-isopentenyladenine within the activesiéboth theMtCRE1 wild type and
MtCRE1 V97l variant models was performed using theldagands function that

docks ligands within a site based on the liganakteraction with polar and apolar regions

within that site.
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RESULTS

A model of the membrane external portions of wyidegMtCRE1 was generated
from AHK4 using Accelrys Discovery Studio 3.5 softve (Figure 1a). The loop (amino
acids 95-108) containing V97 is positioned distiinom theMtCREL1 ligand binding site
(Figure 1a). Alteration of V at position 97 to hé¢icre1l-4defect) does not affect
positioning of surrounding residues, and inspectibtihhe overall structures did not reveal
any major structural changes between wild tyt€RE1 and the V971 variant, however,
the side chain of the amino acid now rotates oudviram the loop (Figure 1b). Ligand
docking simulations of N6-isopentenyladenine witthia active site were performed for
both the wild type and variant models to deterniiitiee VVO71 mutation affected
cytokinin binding. These ligand docking simulasaid not reveal any differences
between the WT and V971 variant in primary hydrogpending residues between N6-

isopentenyladenine and active site amino acidduesi(data not shown).
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FigureA.1 Theamino acid changein the crel-4 mutant does not affect the
cytokinin binding pocket (a) Ribbon diagram of the predicted tertiary stnoetof the
sensor domain dimer of MtCRE1 complexed with 2yRll¢w) based on the cryst
structure of AHK4 (see Materials & Methods). Amiacids altered in sensor dom
mutants are shown in purg(Ljsnf2 Mtcrel-4 andAtwol-1). TheMtcrel-4mutation
resides in a region distal to the cytokinin bindpagket highlighted in red. (b) Close
of red region in (a) turned 90 degrees with amicid aide chains shown in purplThe
yellow residue is V97. (c) fle same close up but of the mutant structure vmitima acid

side chains in green and the V97| mutation in yel
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