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Assessment of methylthioadenosine/S-adenosylhomocysteine
nucleosidases of Borrelia burgdorferi as Targets for Novel
Antimicrobials Using a Novel High-Throughput Method

Kenneth A. Cornell!, Shekerah Primus’, Jorge A. Martinez* and Nikhat Parveen®

!Department of Chemistry and Biochemistry, BoiséeStaiversity, 1910 University Drive, Boise, |A 8571520, USA;
“Department of Microbiology and Molecular Genetiosiversity of Medicine and Dentistry of New Jerbiyy Jersey
Medical School, 225 Warren Street, Newark, NJ 073835, USA

Background:Lyme disease is the most prevalent tick-borneadisén the USA with the highest number of
cases (27444 patients) reported by CDC in the 38av, representing an unprecedented 37% increase fr
the previous year. The haematogenous spreadBaofelia burgdorferi to various tissues results in

multisystemic disease affecting the heart, joisks, musculoskeletal and nervous system of thiemiat

Objectives:Although Lyme disease can be effectively treat@ti doxycycline, amoxicillin and cefuroxime
axetil, discovery of novel drugs will benefit thatints intolerant to these drugs and potentidiysé
suffering from chronic Lyme disease that is refoagtto these agents and to macrolides. In thisystue
have explored 50-methylthioadenosine/S-adenosyllgsateine nucleosidase as a drug target Bor
burgdorferi which uniquely possesses three genes expressimplbgous enzymes with two of these
proteins apparently exported.

Methods The recombinant B. burgdorferi Bgp and Pfs praeivere first used for the kinetic analysis of
enzymatic activity with both substrates and withirfanhibitors. We then determined the antispirothlae
activity of these compounds using a novel techniiee method involved detection of the live—déad
burgdorferi by fluorometric analysis after staining with adtescent nucleic acids stain mixture containing
Hoechst 33342 and Sytox Green.

Results Our results indicate that this method can be uf®dhigh-throughput screening of novel
antimicrobials against bacteria. The inhibitorsnigcin A and 5’p-nitrophenythioadenosine particularly
affectedB. burgdorferiadversely on prolonged treatment.

ConclusionsOn the basis of our analysis, we expect thatgira-based modification of the inhibitors can
be employed to develop highly effective novel aiotibs against Lyme spirochaetes.

Keywords Lyme disease, enzyme inhibitors, Bgp, fluoroneetissay, spirochete
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Introduction

Lyme disease, caused by the spirochd&xeelia burgdorferj is the most prevalent tick-borne multisysteminess and
affects the heart, joints, skin, musculoskeletadl aervous system. Persistent infection with theoshiaete results in
potentially incapacitating arthritis, neuroborrsi® acrodermatitis chronicum atrophicans and tiardDoxycycline,
amoxicillin or cefuroxime axetil are recommendedttas first-line therapy for early and late Lymeedise. Macrolides are
less effective again&. burgdorferi“? and resistance of these spirochaetes to erythriarhgs been reportéds a result,
macrolides, including azithromycin, clarithromyand erythromycin, are recommended only for patiémtserant to the
first-line therapy. Hence, discovery of new antirolmals that could be used alone or in combinatidith other antibiotics
will be highly beneficial for drug-intolerant patits and potentially for patients suffering fromatic Lyme disease that is
refractory to other agents.

One potential drug target that has been identifisdthe enzyme 5’-methylthioadenosine/S-adenosyldaysteine
(MTA/SAH) nucleosidasé,an enzyme present in most bacterial species agnakbin humans. MTA/SAH nucleosidase
cleaves the glycosidic linkage of the nucleosides generate the thiosugars 5-methylthioribose (MT&) S-
ribosylhomocysteine (SRH) and the purine adenitmebacteria, MTA is produced from S-adenosylmethie (SAM) as a
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by-product of polyamine and autoinducer | synthesibile SAH is derived from SAM-mediated methylatioeactions.
MTR and SRH can be salvaged through separate rtutethionine, while adenine re-enters the pupioels of the cell.
Cleavage of SRH by the enzyme LuxS yields homoaystevhich can be remethylated to methionine, aBddéhydroxy-
2,3-pentanedione (DPD), a precursor for autoind@dgkl-2) synthesis. Thus, the activity of the remsidase is connected to
the production of two bacterial quorum-sensing iatocers’™ These autoinducers are involved in the inductibmasious
virulence factors in bacteria and contribute tarthathogenesi$?

Nucleosidase inhibitors could exert antimicrobietians by one or more mechanisms and have beeprexpas a target for
the design of the broad-spectrum antibiotics agdimam-positive and Gram-negative bacteria by s#uaboratoried:” ~*°
MTA and SAH are known to inhibit polyamine synth¥séand methyltransferafeactivities in various organisms. Thus,
inhibition of the nucleosidase could work by promgta build-up of MTA and SAH to growth-inhibitotgvels. In addition,
the loss of salvage of purine and methionine coraptsxmay suppress bacterial growth by nutrientéitiuin, and because it
is energetically expensive to make methionine deno

Due to the absence of major biosynthetic pathwiays,particularly important for the nutritional gotroph,B. burgdorferi,

to recycle metabolic by-products. Howevdorrelia specieslack methionine synthase (metH), which is requited
remethylatehomocysteine to methionine, and do not have a ifumat mtnK gene (methylthioribose kinase) required to
salvage methioninlom MTR® Loss of adenine salvage by nucleosidasgbition may have a significant effect dh
burgdorferi sincethey are purine auxotrophs. Alternatively, intetiop of thesynthesis of SRH and DPD, and subsequent
loss of Al-2 signalingmay represent a unique aspect of nucleosidaseitmisit?’ as Lyme spirochaetes are known to

synthesize Al-2 and altsurface protein expression in response to thisisaiioer??

Previously, we identified a glycosaminoglycan-biglprotein located on the surfaceBofburgdorferiand named iBorrelia
glycosaminoglycan-binding protein or Bgplnterestingly, Bgp is homologous to the cytoplastfs protein present in a
wide variety of bacterial species and also exhilditsA/SAH nucleosidase activit§’. The genome sequenceRifburgdorferi
shows the presence of three Pfs homologues: Pf83BH, Bgp (BB0588) and MtnN (BBI08).The translated sequences
for bgp and plasmid-borne mtnN genes contain ptebie signal peptides, indicating that they areeptwally exported
proteins?® Indeed, we have shown that Bgp is a surface praiei its sequence analysis showed that the magperotein
lacks the signal peptid@. Synthesis of MtnN and its cellular localizationdaenzymatic activity have not yet been
determined. The cytoplasmic Pfs in the Lyme spiaatés also exhibits MTA/SAH nucleosidase actiiand is a part of the
four-gene (BB0374-pfs-metK-luxS) operon encodingt@ins involved in the synthesis of the quorum-senmolecule, Al-

2. Lyme spirochaetes are the only known bacteriahiith more than one copy of nucleosidase geneprasent, with two
gene products apparently exportédhe B. burgdorferigenome is rather small (1.52 Mb), and is approséigaone-third of
the size of theEscherichia coligenome (4.6 Mb). The presence of multiple MTA/SAbicleosidases suggests that the
enzymes are important for Lyme disease spirocha8ieseB. burgdorferilacks a majority of the biosynthetic pathways,
MTA/SAH nucleosidases could play a critical role in thesagé of thepurine adenine from MTA and SAH that is derived
from both pathogen and host metabolisnis. burgdorferiis likely to recycle this macromolecule building block more
efficiently dueto the presence of MTA/SAH nucleosidase enzymek bothecytoplasm and on the spirochaete surface.
Therefore, thisnzyme offers us a unique opportunity to exploifessate analoguess antimicrobials against this important
human pathogen.

The slow growth and unreliable colony formationligpof B. burgdorferion solid media makes traditional plating methods
unsuitable to screen and assess the effect of iandinials onspirochaete viability. Therefore, we have developede a
fluorescence-based high-throughput screening sysigalving a combination of Hoechst 33342 and Sytox Greenenuicl
acid stains to distinguish total and dead spirochaeéspectively Sytox Green is excluded by the plasma membrangef |
organisms,and hence it stains nucleic acids of only the deaghysiologically compromised microb&s?’ A direct
correlationwas observed between Sytox Green staining and thpogion of dead spirochaetes in the sample. After
comparing the activitiesf four MTA/SAH nucleosidase inhibitors on recomdmB. burgdorferiBgp and Pfs proteins, we
determined the effectsf these compounds on spirochaete growth by emmdotfiisnucleic acid stain combination. Lastly,
structure-based modelingas used to visualize potential interactions of Maraloguesith B. burgdorferinucleosidases
and to predict modificatiorthat may lead to more selective and potent anttiafragents.

M aterials and methods
Bacterial strains and culture.

B. burgdorferi isolate B314, a high-passage, ndeetious derivativeof the infectious B31 strain, which has lost all
endogenougplasmids except cp26 and cp32, and an infecticainsN40 cloneD10/E9 were used in this study. Since the

K. A. Cornell, S. Primus, J. A. Martinez & N. PaeveinJOURNAL OF ANTIMICROBIAL CHEMOTHERAR2009) 2



This is a pre-copy-editing, author-produced PDErm#rticle accepted for publication in the Jounfahntimicrobial Chemotherapy following peer
review. The definitive publisher-authenticated i@rslournal of Antimicrobial Chemotherapy 2009 §3(663-1172 is available online at:
doi:10.1093/jac/dkp129

Ip28-4 plasmid possessitiige mtnN gene is missing in B314, this isolate oaly express Pfand Bgp while the infectious
N40 strain can possibly expresstallee genes, pfs, bgp and mtnN. The spirochaetes grewn a33°C in BSK || medium
containing 6% rabbit serum to a density Jif spirochaetes/mL for each assay. To study the teffédnhibitors and
ampicillin on the growth oB. burgdorferj cultures were grown in a 5% G@cubator at 37°C.

Assessment of the fluorescence-based system wthn@lghput screening of live—dead B. burgdorferi.

B. burgdorfericultures were grown to a density of 2ipirochaetes/mL and divided into two aliquots. Qiigquot was
incubatedat 60°C for 30 min to kill the spirochaetes. A Bldf serialdilution of deadB. burgdorferiwas prepared in
remaining live bacterisduspension such that the ratio of live spirochag¢eseasetrom 100% to 0% and dead spirochaetes
increased from 0% to 100% (i.e. 100:0 to a findlDW: ratio of live—dea®. burgdorfer). Two hundred microlitres of culture
mixture was transferred to each well of a 96-wdlck plate with a clear bottom (Catalog number 36Q8rning
Incorporated, NY, USA). Two microlitres of a 1:1xnire of 5uM Sytox Green and 1AM Hoechst 33342 was added to
each well. After mixing, the plate was incubate@a&tC for 1-2 h and the Sytox Green (excitationrB4emission 523 nm)
and Hoechst 33342 (excitation 350 nm/emission 4&1) fluorescences were measured using a Spectramax M
spectrophotometer/microplate reader (Molecular Besji CA, USA). The ratio of the fluorescence ermissiue to Sytox
Green binding to nucleic acids determined the presef dead spirochaetes and staining with Hoeelsth estimated both
live and dead. burgdorferiin the sample, provided the net fluorescence dueeal#ad spirochaetes. The standard curve
between the known percentage of dead spirochaei@snet Sytox Green fluorescence for B314 and N4&inst was
prepared to determine the sensitivity of detectidndead non-infectious versus infectioBs burgdorferi strains. Six
replicates were used for each treatment and egmérienent was repeated at least three times toroortfie reproducibility

of the assay.

For fluorescence microscopy, the spirochaetes wendrifuged after incubation with the stain mixtureashed once with
PBS and mounted in a 1:1 PBS/glycerol mixture. igakith nail polish limited the evaporation anépented movement of
the cover glasses. Differential interference catt(®IC) provision in the Nikon 80i fluorescencecnascope was used to
observe total spirochaetes present in any fieldiedv. DAPI (for Hoechst 33342 staining) and FIT@r(fSytox Green

staining) filters were used with x100 magnificatidpo-Plan TIRF objective to examine whether tofd@tachaetes observed
by DIC are also visualized by Hoechst staining arebther physiologically compromised spirochaetes dgetectable by
Sytox Green staining.

Effect of ampicillin on B. burgdorferi growth.

Lyme disease is treated with penicillin, tetraayeland cephalosporiasses of antibiotics’> Therefore, the efficacy of the
fluorescence-based assay system was first assassegl ampicillintreatment ofB. burgdorferi Ten 2-fold dilutions of
ampicillin wereprepared starting from 200 mg/mL. Ten microlitréseach antibioticdilution was added to 190L of B.
burgdorferi culture in each ofhe six replicate wells of the 96-well black plateobtain final concentrationsf ampicillin
from 10 to 0.019mg/well. After mixingfor 5 min, the plate was incubated overnight aiG3With 5% CQ. The Sytox Green
and Hoechst 33342 mixture was then addeebtth well, mixed, incubated for 1-2 h at 37°C dmfluorescenceneasured

as described earlier. A standard prepared with krowe—deadB. burgdorferimixtures was used to calculate the percentage
of dead/killed spirochaetes present in each tresdeple.

Examination of substrate and inhibitor activity #r burgdorferi MTA/SAH nucleosidases, Bgp andmgtmic Pfs.

Unlike other bacterigB. burgdorfericontains cytoplasmic (Pfs) ahdmologous cell surface proteins (Bgp and probalsly
MtnN), with at least Bgp and Pfs showing MTA/SAH nucleasieactivity.** For the present study, recombinant His-tagged
Bgp andPfs were expressed and purified as previously st The concentrationsf recombinant Bgp and Pfs were
determined using &€ary 100 scanning UV/Visible spectrophotometer {&ar PaloAlto, CA, USA), and absorbance 280
(0.1%) values of 0.705 (Bgmnd 0.487 (Pfs). Enzyme activity was studied usingV assay thafollows the drop in
absorbance at 275 nm that accompaniextineersion of the nucleoside into adenine and theespondinghiosugar:>?°
Specific activity measurements employed reactioxtures containing 100M nucleoside and 100 mM sodium phosphate
buffer at the optimized pH for each enzyme (pH 7Bgp; pH 5 for Pfs). Substrate nucleosides (MTAl &AH) and the
inhibitor formycin A (FMA) were obtained from Sign{&t Louis, MO, USA). The inhibitors $-nitrophenyl-thioadenosine
(PNO,PhTA) and 5’p-aminophenylthioadenosine (pNPhTA) were gifts from Drs M. K. Riscoe and R. W. Nér
(Veterans Affairs Medical Center, Portland, OR, JShhe transition-state analogue, BnT-DADMe-ImmAgsaa gift from
Drs Y. S. Babu and J. Zhang (BioCryst Pharmacdsti&rmingham, AL, USA). Conversion of substratgoi adenine was
calculated using an extinction coefficient (275 riim) nucleoside decay of 1.6 mMm™. Concentrations of nucleosides
were estimated by UV absorbance at 260 nm and mcean coefficient of 15400 Mcmi. Reactions were initiated by the
addition of 1-2ug of enzyme and followed for 20—-30 min at 22°C. Huwr determination of kinetic constants, substrates
(MTA or SAH) were tested from 1 to 100M, with at least triplicate measurements perforna¢éceach concentration.
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Kinetics data were fitted to the Michaelis—Mentaqua&tion using Igor Pro 5.0 (Wavemetrics, Lake OswegR, USA).
Enzyme inhibition was analysed using the UV ass@th varying concentrations of the inhibitor (10-668M for BnT-
DADMe-ImmA; 1-10uM for pNO,PhTA and pNHPhTA; and 25-25QM for FMA) incorporated into reactions containing
100 uM MTA.# Controls having either no enzyme or no inhibitorevincluded in all experiments. The inhibition ctams
(K;) was obtained by fitting the initial rate and ibitdr concentration to an equation for competitiviaibition:

'Ir",;,_." Vo= (Kg + _': 1Ky + _': + Ko J" K}

whereV, andV, are the initial rates of the inhibited and uninteti reactions, respectively, [I] the inhibitor centration
and [S] the concentration of MTA.

Assessment of the selected inhibitors of MTA/SAtteasidase as antimicrobials against B. burgdorferi

Four MTA/SAH nucleosidase inhibitors, FMA, pNEhTA, pNH,PhTA and BnT-DADMe-ImmA, were selected on the
basis ofthe results of an in vitro assay with purifid burgdorferiBgp andPfs proteins. Fivefold serial dilutions of each of
the inhibitors wergorepared from 200 to 0.32M (final concentrations of 10-0.016V). Four replicates of each treatment
were used. The experiments conducted as described earlier for ampicilimd fluorometricand microscopic observations
taken. To distinguish thleacteriostatic versus bactericidal activities @ thhibitors, the platevas incubated for 7 days. An
aliquot of 2uL of culture from eachwvell was transferred to 1 mL of BSK Il medium cdntag rabbitserum, to allow viable
spirochaetes in the sample to recover gralv. After 14-21 days of incubation of culture ésbwithoutinhibitors at 33°C,
the presence of viable, motile spirochaetesngasrded using a dark-field microscope.

Modeling studies.

High homology between B. burgdorferi MTA/SAH nucsedasesequences and the correspondingoli enzyme (which has
severalsolved crystal structures) and complete consematib active siteresidues involved in catalysis were used in
preliminary modeling studies to generate three-dsi@nal structures for Bgp and Pfs that might ksructive for future
drug design. Initial models were created using dtractural coordinates fdE. coli nucleosidase containing bound FMA
(PDB accession no. 1INC3A). Sequence threading easmplished using the program SWISS-Model and serpieverlays
were further refined using ViewerPro 4.2 (Accelgri)s *

Results

Sensitivity of detection of dead or dying B. burdeld by Sytox Green stain.

Spirochaetes killed by heating at 60°C for 30 mierevused taenerate a standard curve between relative fluenesc
(Sytox/Hoechst) and known percentage of dead/plogimally compromised. burgdorfericells. In this assay, the green
fluorescenceof B. burgdorferi isolate B314 (Figure la) showed a higb-efficient of correlation ¢=0.962) with dead
bacteria, indicatinghat staining of the nucleic acids by Sytox Greety mccurswhen viability of the spirochaetes is
affected. Sensitivity ofletection using Sytox Green stain was 10% deaddmietesince the assay could detect this level of
system. killedB. burgdorferireproducibly. The fluorescence values obtained gusitvechst33342 DNA stain among
different treatments within aexperiment showed a standard deviation of <4% (datahown). These results indicate that
the total proportion of bacterigive plus dead) in each sample, as detected byclbetaining, was accurately determined
among different treatmentsffering it to be a valuable control to assess isbascy in spirochaetaumber in this assay
system.
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Figure 1. Sytox Green staining of both dead non-infectiBuburgdorferiisolate B314 and infectiou.
burgdorferistrain N40 clone D10/E9 can be used to determine tet@mpicillin by fluorometric

analysis equally effectively. (a and c) Different dilutions of hdltd (608C for 30 min) B314 and N40
spirochaetes in the samples were examined after staining with H888d&/Sytox Green fluorescent DNA
staining dyes. Quantification of Sytox Green (excitation 504 nm/emission 523unmgsitence was
normalized with the fluorescence obtained by Hoechst staining (excitation 3&@ission 461 nm) after
measuring the fluorescence using a Spectramax M2 spectrophotometerAesdedard curve prepared
between net Sytox Green fluorescence and known dead spirochaetes showed affugmcoef

correlation (f=0.962 and 0.978 for B314 and N40, respectively). (b and d) The standard curve was used to
determine the percentage killing of the B314 isolate after treatmigmtlifferent concentrations of
ampicillin overnight. The I, for the N40 strain (d) was the same (1.75 mg/mL) as that for the non-

infectious isolate B314 (c).

ICso determination of ampicillin against B. burgdorfeising fluorescence-based assay system.

Non-infectiousB. burgdorferiisolate B314 was treated wighfold serial dilutions of ampicillin starting withO mg/200 mL
of culture per well for 24 h. Determination of r&ttox Green fluorescence by fluorometric analystidated that similar to
the heat-killed bacteridB. burgdorferiwere also unable texclude this nucleic acid stain after treatmenhvampicillin
(Figure 1b). The Igy of ampicillin calculated from the grapfigure 1a and b) was 0.3&% per well or 1.7qu.g/mL of B314
culture.
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A similar analysis of thd3. burgdorferiN40 strain(Figure 1c) showed that Sytox Green stain coultirdjgsishdead and
infectious spirochaetes as well. Again, a high ficieht of correlation (=0.978) was observed between the known
percentage of dead N40 spirochaetes present implsand net Sytox Green fluorescence values (Eigay. Furthermore,
ICso for ampicillin against N40 strain is equivalenttteat for the B314 isolate, i.e. 1.7&®/mL of culture (Figure 1b-d),
indicating that this stain can detect dead nontides and infectious Lyme spirochaeieslistinguishably. Therefore, only
the infectious N40 strain clone D10/E9 was usedafbiurther experiments.

For further validation of our assay, we examined #pirochaetes using fluorescence microscopy. Asligied, all
spirochaetes present in a field of view were visiby both DIC microscopy as well as by Hoechstnstgi (Figure 2).
However, only spirochaetes treated with heat (60si@)wed bright green fluorescence using the FIT@rfdue to the
nucleic acids staining with Sytox Green. Bleachifighe stains was very quick f&. burgdorferitreated with ampicillin,
probably due to the beginning of DNA degradatiord swas not suitable for photomicroscopy (data hotsn).

DIC Hoechst Sytox Green

Live

Heat
killed

Figure 2. Microscopic examination of live and heat-killed B. burgdorferi strain N4Qec@10/E9 after
Hoechst/Sytox Green double staining. The samples were centrifugeshefteation with the nucleic
acid dyes, washed once with PBS and mounted in 1:1 PBS/glycerol mixtureovenaylasses were
sealed with nail polish to limit evaporation. DIC provision in the Nikon &@irscence microscope
was used to observe total spirochaetes present in any field of vie.(l2A Hoechst 33342 staining)
and FITC (for Sytox Green) filters were used. Total spirochaetesalisezved by Hoechst staining and
physiologically compromised spirochaetes by Sytox Green staining by usiygoaPlan TIRF x100
magnification objective. This figure appears in colour in the onlingarecs JAC and in black and
white in the print version of JAC.

Kinetic analysis of MTA/SAH nucleosidase substeatalogues with purified recombinant Bgp and Pfst@ires. Specific
activity measurements performed at saturating $26€MTA or SAH confirmed that both Bgp and Pfs aheal-substrate-
specific enzymes. Freshly prepared Bgp andeRfsbited specific activities for MTA of 4.1 and44U/mgenzyme and for
SAH 3.1 and 3.7 U/mg, respectively (Table ihdicating that each of the preparations contaisiedlar levels of active
enzyme. The nucleoside analogue, pRRITA, was a very poor substrate for Bgp (0.2 U/any) Pfs (0.024 U/mgyvith no
substrate activity detected at concentrations gbD (data not shown). The analogue p/ROGTA was a slightly better
substrate for Pfs (2.0 U/mg) than for Bgp (0.83 gynbut hereas well, detectible substrate activity <@l was unreliable.
As expected, FMA and BnT-DADMe-ImmA were not cleavagetb the absence of a hydrolysable glycosidic linkafge
summaryof the results of kinetic analysis of substrate entibitor activitiesis found in Figure 3. For the two enzymes, only
the differencesn activity against MTA and FMA were statisticakygnificant (P<0.01; Student's t-test). The difieces in
activity between the two enzymes towards SAH, pRIOTA, pNHPhTA and BnT-DADMe-ImmA were not significant
(P>0.05),suggesting that each enzyme recognizes bulkieulistgutions incompounds to similar levels. Of the inhibitors
tested BnT-DADMe-ImmA (Ki=2.3-3.4 nM) showed the tightdshding to the nucleosidases with Ki values roughly to
threeorders of magnitude smaller than the Michaelis tois(K,) values reported for MTA (Km=0.7-pM) and SAH
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(Km=1.2-1.6uM). This result is expected, since BnT-DADMe-ImmA igansition-state analogue, and belongs to a class o
compounds that have previously been reported tevgiioomolar and femtomolar dissociation constawoisthe E. coli

nucleosidasé’

Table 1. Summary of specific activity measurements for Bgp and Pfs

Enzyme Compound Specific activity {Ufmg) Relative activity (%)

Bgp MTA 4.1 100
SAH 3.1 76
pMH2PhTA 0.2 5
PO PhTA 0.82 20
FiiA 0 0
BnT-DADMe-ImmA 0 0

Pfs MTA 44 1000
SAH 1.7 84
pMH2PhTA 0.024 0.6
PO PhTA 20 45
Fvia 0 0

BnT-DADMe-Inm A

0 0

Enzyme activities were tested using the UV spectrophotometric &&ay (
nm) and either 10QM substrate (MTA and SAH) or 1Q6M substrate
analogue (pNEPhTA, pNQPhTA, FMA and BnT-DADMe-ImmA).

With the exception of FMA, where the Ki (1.05 an62uM) was less than the 1M reported for theE. coli enzyme'® the
inhibitors generally showed somewhat less actitatyards the spirochaetal enzymes. For the latesittanstate analogue
BnT-DADMe-ImmA, the Ki value is substantially hightor Bgp (2.3 nM) and Pfs (3.4 nM) than that repdrforE. coli
nucleosidase (28 pM?Y,although it is similar to that reported for tB&eptococcus pneumoniaazyme (5 nM¥°

High-throughput screening of different inhibitorSMTA/SAH nucleosidase on the growth of B. burgztarf

Based upon the kinetic analysis with purified rebamant Bgpand Pfs ofB. burgdorferi (Figure 3), we assessed the
inhibitory activities of all four compounds against the iniee$ spirochaetstrain N40. The Hoechst/Sytox Green stain
mixture was used to evaluate total and physioldigiaampromisedB. burgdorferj respectively. Calculation of the net
Sytox Green fluorescence values (Sytox Green/Hapchfter treatment with the inhibitorsvas followed by the
determination of the bacteriostatic/delaalcteria present in the samples using the standaFigure 1(c)to evaluate the
inhibitory activities of these compounds. Tiesults obtained with pNH2PhTA and BnT-DADMe ImmiAdicatethat even

at a relatively high concentration (1®1), theseinhibitors only partially affected the physiologictatus of thespirochaetes
(Figure 4). However, the fluorometric assayggested that both pNRhTA and FMA are highly effectivimhibitors against
B. burgdorferi The MIC of these two inhibitoris lower than the least concentration tested hex@l6uM) as detected by

fluorometric analysis (Figure 4).
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Bgp Ky =5.0+09pM Ky=162035pM K, =260 = 0.26 pM
Pfs Ky=07+0.1pM Ky=12204pM K, = 1.05 = 0.50 pM
MNH; TH;
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. -5 NN lwll~..5_ NN
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H OH H OH
pNO.PRTA pMNH,PhTA BnT-DADMe-ImmA
Bgp K;=116+£27nM K; =698 = 170 nM K, =23+07nM
Pfs K; = 7713 oM K. =587+ 40nM K;=34 06 nM

Figure 3. Summary of inhibition constants for MTA analogues compared witligfues for native
MTA and SAH substrates for Bgp and Pfs enzymes. Enzyme assays were abndingdJV
spectrophotometry (275 nm) and pH conditions optimized for Bgp (pH 7) and Pfs (pH B)T A@nd
SAH, concentrations from 1 to 1001 were evaluated. Inhibitor effects were determined using varying
concentrations of inhibitor and a fixed concentration of MTA (1B). Inhibition constants were
determined by fitting the initial rates of the inhibited,’f\and uninhibited (\) reactions to the equation
for competitive inhibition: \{/V, = (Km + [S])/{(Km + [S] + Km[I]/Ki)}. ?° Inhibitor effects appear to
be similar for each of the enzymes, with the strongest inhibition exdhiyjtéhe non-hydrolysable late
transition-state analogue BnT-DADMe-ImmA;&2.3 and 3.4 nM for BGP and Pfs, respectively).

The effectiveness of this fluorometric assay systampotency of these inhibitors were further confirmmdmicroscopic
examination of the samples. Indeed, microscopian&xation after treatment confirmed the presence of deadyargd

spirochaetes, as stained by Sytox Green (Figur@tig. stainingwas not as intense and uniform for the spirochaases
observedby Sytox Green staining of the heat-killed spirdebdFigure 2). However, fewer spirochaetes treatech wit

pNH,PhTA and BnT-DADMe-ImmA (average of 43.8+4.0% a#8.1+3.1%, respectively, from 10 different fieldsgre
visualizedby Sytox Green staining when compared with thoseatied by Hoechst staining or DIC microscopy, wiilest
spirochaetes stained with Sytox Green (average &6+8.2% from 10 fields) after treatment with pHNRATA,
complementing our results from fluorometric anadyskExclusion of Sytox Green by several spirochaetiésr FMA

treatment (only an average of 51.3+5.5% stainetl ®ittox Green) was surprising. Hence, pRBTA appears to be most

effective againsB. burgdorferialso by microscopic examination.
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MTA/SAH substrate analogues show
either bacteriostatic or bactericidal
activities against infectious B.
burgdorferi N40 strain.To examine
whether the inhibitory activities of the

| pHO,PhTA

four substrat@analogues against Formycin A
spirochaetes have bactericidal or

pMH,PhTA

bacteriostatieffects, we recovered
small aliquots (2:.L) from the treated
samples daily and culturd®l
burgdorferiin BSK Il medium
containing 6% rabbit serum without
inhibitors. After treatmenwith all four

k BaT-DADMe-ImmaA

G MaADkilled

compounds up to 4 days, at least some 25 T T TTTI T T 1T T T T 1T

spirochaetes 0.01 0.1 I 1]

survived even after exposure to (i [nhibitor concentration (ui})

(data not shownowever, we were Figure 4. Treatment of B. burgdorferi with MTA/SAH nucleosidase

unable to recover live spirochaetes
when theN40 strain was treated with a
higher concentration of FMA fof

days. The recovery of spirochaetes was

inhibitors affects their membrane permeability. Fluorometric amaly
of B. burgdorferiafter treatment with four inhibitors overnight
followed by staining with a Hoechst/Sytox Green mixture was

also poor after treatmeniith conducted as described in the legend to Figure 1. BothRINIA and
pNH,PhTA. Such a subtle distinction =~ FMA affected the physiological state of the spirochaetes gignify,
between théhree inhibitors was not as indicated by membrane permeability to Sytox Green, even at a
possible with the fluorometric analysis. concentration of 0.016 mM, while pNPhTA and BnT-DADMe-

In these studiessMA appears to be ImmA showed much weaker antibacterial effects.

bactericidal against B. burgdorferi after
prolonged treatment while the other three MTA ruasidase inhibitors could be bacteriostatic undetested
concentrations.

Modeling studies of Bgp and Pfs with FMA.

The availability of a crystal structure of te coli MTA/SAH nucleosidasg with FMA bound in the active site allowed
preliminary predictions of the three-dimensional features op Bgd Pfs to be made using modeling programs (Fi§aje
Ribbon threading of thB. burgdorferiPfs (in blue) onto thknownE. colienzyme structure (in yellow) predicts very similar
structures without additional energy minimizatioi$ireadingthe Bgp enzyme (in pink) onto tHe. coli enzyme also
predictedhighly similar structures, although a less orgathik®p structuravas suggested in the model to replace regions of
alphahelices found in Pfs. Surface charges and the tatien of the5’-hydroxyl group (O5 in Figure 6b) facing out difet
active sitepocket supports the availability of the 5’ positiohthe nucleosidéor modification. From the model, the purine-
bindingpocket is predicted to be more restricted in PéstBgp.
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Active site residues involved in catalysis (E127E5BndD197) are strictly conserved in Bgp (E34, E209 B282) andPfs
(E11, E181 and D204). As expected, the highly hogolscytoplasmicE. coli nucleosidase and Pfs are suggested to have
essentially the same secondary and tertiary streigtuthemodel. Of note, the Bgp backbone is predicted ¢ lawayfrom

pNO,PhTA PNH,PhTA FMA BaT-DADMe-ImmA

DIC Foif| %

Sytox
Groen

Hoechst

Figure5. Microscopic examination d@. burgdorfericonfirmed the adverse effects of MTA/SAH inhibitors on
the physiological status of the spirochaetes. Almost all spirochstet@sed green fluorescence due to staining
with Sytox Green after treatment with ppRIITA, while severaB. burgdorferiexcluded this stain after
NH,PhTA and BnT-DADMe-ImmA treatment for 7 days (as marked by arrows), hen@ienting our results

with fluorometric analysis. Exclusion of Sytox Green by s@nburgdorferiafter FMA treatment was
unexpected. The presence of vesicular, cyst-like structures obsépregbah treatment indicated the damaging
effect of all four inhibitors on the Lyme spirochaetes.

the other two strands at a juncture betwp8randa4 (yellow arrow in front view) in a region that praolds a face fothe
purine-binding site. As shown in Figure 6(b), maaiglof the electrostatic surface charges suggests ttmtivergence has
the effect of orienting the phenyl ring of F187Bgp outwardfrom the active site. By comparison, F158 of Pf$5FinE.
coli) shields the active site and forms stabilizingnaatic interactions with the adenine ring of the substtaf@Othersmall
changes in the identity and position of residuesiiad theentrance to the active site of Bgp are suggestedetisn Figure
6(b). A replacement of Pfs F21&.(coli F207) withslightly rotated Y243 in Bgp would predict a de@edn apparent
shielding of N7 of the purine ring, while a subdiibn of Pfs 153 (I50 inE. coli) with V79 in Bgp suggests an increaseha
accessibility of the bottom of the pocket.

Discussion

Limiting factors for the treatment of patients tortail certainbacterial diseases are the incessant emergenagtibiotc
resistance among various pathogens and intolemansemepatients against certain antibiotfc¥. These often lead to the
employment of a combination regimen of drugs featmentAlternatively, relatively less effective drugs aneluded in the
treatment of drug-intolerant patients. Thereforeeré is anurgent need to explore novel physiological inhitstas the
potential antimicrobials against bacterial pathageimcluding B. burgdorferi Success of the enzymatic inhibitors as
antimicrobialsdepends on: (i) their ability to selectively restrihe growth of the pathogens without interfering witte th
humanenzymes; and (ii) their broad effectiveness agaiastous pathogens. In this study, we have examined substrat
analogue®f MTA/SAH nucleosidase enzymesBf burgdorferias potentiaintimicrobials.
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Two activities of nucleosidase, cleavage of MTA &wH, are carried out by two different enzymes immmals, MTA
phosphorylase and SAH hydrola8aVhile mammalian SAH hydrolase and bacterial MTAKSAucleosidase are not
structurally similar, the crystal structures of themmalian MTA phosphorylase enzyme and MTA/SAH @osidase oE.
coli show significant similarities. A comparison of ithactive sites shows remarkable similarities ia tasidues involved in
adenine binding, although the pocket enclosing pfears to be more open in the mammalian enzyBegnificant
structural differences exist in the ribose-bindsitg between the two enzymes, where

(a)

Front view Side view

Figure 6. Superimposed ribbon structures of MTA/SAH nucleosidases and closesugaife electrostatic
maps of Bgp and Pfs enzyme active sites containing FMA. (a) The seqoéBcgs(pink) and Pfs (blue)

were threaded onto the known three-dimensional structieali MTA/SAH nucleosidase monomer (PDB
1nc3A) (yellow) using SWISS-Model. A ball and stick structure of dddk&éA is shown (blue=nitrogen;
red=oxygen).

Overall, the structures of Bgp and Pfs appear to be highly conserveth@githdolienzyme. (b) In the close-
up of the surface structural map of the MTA/SAH nucleosidases,aharg represented in red (negative) and
blue (positive). The orientation of the 5’-hydroxyl group (O5 in the figtaeing out of the active site pocket
supports the availability of the 5’ position of the nucleoside for maditin. From the model, the purine-
binding pocket is suggested to be more restricted in Pfs than Bgp.

phosphate-binding amino acid residues in MTA phosylase, Arg and Thr, are replaced by Ser and Glthé bacterial
nucleosidase, hence preventing the charge—chaeradtions=>** Importantly, the channel containing the 5'-alkidtlyroup
of the MTA/SAH nucleosidase appears more open ithéme mammalian enzyme, thus providing an explandor the dual
substrate specificity of the bacterial enzyme.rtdons between residues from the second chatheofucleosidase dimer
and the extended 5'-alkylthio group of SAH may pdevadditional stabilization and recognitith.

The models oB. burgdorferiproteins, while suggestive, should not be overprited in the absence of true crystallographic
evidence. The differences seen between thedlues for MTA between Bgp (5 mM) and Pfs (0.7 miBy be explained by
the small structural differences suggested in tloglets. These activity differences could also regmeslifferences in the
behaviours of the recombinant enzymes and conditimaler which the assays were conducted. Prioereé supported a
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lower Bgp K, for MTA (1.2 uM), which was more in line with the submicromolalues found for Pfs and tHe. coli
nucleosidase, but that assay followed the conversforadioactive MTA into MTR, rather than diregestrophotometric
observance of substrate conversion that is repdntee. In either case, the,Kalues reported here for both enzymes for
MTA and SAH are similar to the values in the litera for theE. coli and Klebsiella nucleosidasé$***"and roughly an
order of magnitude lower than those recently regabforS. pneumoniaaucleosidasé’

Taking advantage of the suggested structural siitiels. of MTA/SAH nucleosidases, we first conductédetic analysis of
four previously examined inhibitof8>3%33%yith the purified recombinant Bgp and Pfs protefolowed by their
evaluation with intactB. burgdorferi Fluorometric analysis of the effect of MTA/SAH aieosidase inhibitors oiB.
burgdorferi facilitated the identification of pNSPhTA and FMA as more effective compounds againstgpirochaetes.
Interestingly, the g, of these inhibitors in damaging the plasma menwiategrity is much lower than that reported far th
purified E. coli enzyme previously36,40 as well as shown here (Ei@) for purifiedB. burgdorferinucleosidases. These
results suggest that MTA/SAH nucleosidase couldrbeven better target of the substrate analoguastasicrobials inB.
burgdorferithan other bacterial pathogens. This is likely thuthe additive effect of these inhibitors onthliee spirochaete
enzymes in the intact organisms. In additiBnpurgdorferimay be more permeable to these inhibitors wherpaoed with
Gram-negative bacteria since their outer membraciesllipopolysaccharide and is more flexible. FMwed a significant
bactericidal activity againgd. burgdorferiafter prolonged treatment. Interestingly, p/®HTA, and not pN@hTA, seems
to result in a significant level of killing of thepirochaetes at high dose (jtM) on prolonged treatment, as detected by
cultivation in the absence of an inhibitor. Suctuatle distinction between the inhibitors’ actieitiwas not possible with the
fluorometric, and even microscopic, analysis. Ilnuanan bone marrow cell growth assay, both pRHTA and pNGPhTA
showed low toxicity, with 16, values >10QM (K.A.C., unpublished data), suggesting that thexicity to B. burgdorferiis
selective.

In summary, we have developed a novel high-throughfuorometric screening method fBr. burgdorferiviability after
treatment with the potential antimicrobials, andéhassessed its effectiveness using MTA/SAH nuidess as a target.
After characterization of the inhibitors in our leattion using purified recombinaBt. burgdorferinucleosidase, we further
used this fluorometric method, as well as analfzsiamicroscopy and culture to assess the potendhesfe inhibitors as
antimicrobials. We report here that ppRDTA and FMA have high inhibitory activities @ burgdorferieven at very low
concentrations (0.01pM). In addition, FMA is potentially bactericidal wh treatment is extended to 7 days. These results
indicate that the MTA/SAH nucleosidase enzyme igx®tellent target for the discovery of new antimials against Lyme
disease spirochaetes. This study further suppotenpal use of novel inhibitors against this catly important enzyme for
the treatment of Lyme disease in the future, egfigaivhen patients are intolerant to doxycyclineoicillin or cefuroxime
axetil, for pregnant women or potentially for pat& suffering from chronic Lyme disease. We wilamine other substrate
analogues for this enzyme as well as attempt cl@miodification of already effective inhibitors leasupon the structure
and residues of the substrate-binding site of timymes to further enhance their bactericidal agtimgainst Lyme disease
spirochaetes in the future.
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