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Abstract

N-Acetylneuraminate lyase tige first committed enzyme in the degradation of sialic
acid by-bacterial pathogeria.this study we analysedhe kinetic parameters dF
acetylneuraminate lyaseom methicillin-resistantStaphylococcus aure(1RSA).

We determined that the enzyme haslatively highKy of 3.2 mM suggesting that

flux through the catabolic pathway is likely to be controlled by this enzyme. Our data
indicatethat salic acid alditol, a known inhibitor dfl-acetylneuraminate lyase
enzymesis,a stronger inhibitok MRSA N-acetylneuraminate lyase thah
Clostridium_perfringendN-acetylneuraminate lyas®ur analysis oftte crystal

structure of ligandree andnhibitor-bound MRSAN-acetylneuraminate lyase
suggestshatsubtle dynamic differences in solution and/or altered binding

interactions'within the active siteay account for speciespecific inhibition.
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1. Introduction

The termsialic acids the designation given to a large family of nine-carbon amino
sugarsy thesmost common of whiciNisacetylneuraminic acid [1]. Sialic acids are
often found at the non-reducing termini of eukaryotic cell surface glycoconjugates,
where they'mediate a diverse array of biological function, including cellular
interactions, recognition, and adhesion [2-4]. In the human respiratory and
gastrointestinal tract, sialic acid coated glycoconjugates are highly abyisdant
whilst glucose tends to be limited in supply [6]. Thus, bacterial pathogens that
colonize these environments have evolved to degrade host-deialiedcid as a
nutrient.seurce [1,4]. The genes required for the sequestration and degradation of
sialic acid are known as thedn nagcluster,” and are confined to pathogenic species
of bacteriaand mammalian commensals [1]. e nagcluster encodes the
transportersresponsible for importing sialic acid into the bacterial cell and five
enzymes that successively degrade sialic acid into fruétpd®msphate, a key

metabolite for glycolysis (Figure 1).

Followingsthe importation of host derived sialicid the first and committed enzyme
involvedhin sialic acid degradationhsacetylneuraminate lyase. This enzyme
catalyzes the retraldol cleavage of sialic acid indd-acetylmannosamine and
pyruvate, a reaction that is formally the reverse of the addaition where sialic acid
is biosynthesized. Catalysis is proposed to involve formation of an imine (Bakédj

between the terminal e-amine of a strictly conserved lysine residue and the C2 carbon
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of the a-keto acid moiety of open form sialic acid (kig 2)[7,8].

N-Acetylneuraminate lyase is recognized as a viable antibiotic drug [asbek
Deletion of thenanA gene coding foN-acetylneuraminate lyase Escherichia coli
[11,12], Staphylococcus aure(i$3], Vibrio cholerag[14] andVibrio vulnificus[6]
renders_the organisms incapable of growing on sialiciacidro. MoreovernanA
deletion strains o¥. choleraeandV. vulnificuswere defective for intestinal
colonizatiensin mouse models, indicative of an impaired ability to colonize and

survive-within the mouse intestine [1,6].

Here we present a kinetic and structural analysi¢-atetylneuraminate lyase from
methicillindresistantS. aureug§MRSA) in a new crystalline form and examine the
binding of the R-diastereoisomer of sialic acid alditol. This enzyme is identical in
sequence to that of a reference strain (PDB entry 4ahp)Thé&]data presented is
important for further optimization of inhibitor design and synthesis, which may lead
to the development of novel antibiotic drugs that target this clinically important

human bacterial pathog¢he-20].
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2. Materjals and M ethods
2.1 Cloning, expression and purification

The cloning, expression, and purification of MREAacetylneuraminate lyase has

been described previously [21].
2.2 “Kinetic analysis

Kineticramalysis of MRSAN-acetylneuraminate lyase was performed using a lactate
dehydrogenase coupled as§28]. Using a Cary 100 Bio UV/Vis spectrophotometer

(Agilent Feechnologies), assays were performed in duplicate.

Kinetic analysis was performed with sialic acid concentrations of 0.16 mM to 40 mM
at 30 °Cwinitial rate data were analyzed using OriginPro (version 8.5.1) with fitting to

the MichaelisMenten model to determine th&y, Vimax and thekcat.

Sialic acid.alditol was synthesized as a diastereomeric mixture oRtlend %
diastereoisomers, as previously descrif@23]. TheK; for the mixture of sialic acid
alditols against MRSAN-acetylneuraminate lyase was determined with 0.16 mM to

20 mMreef sialic acid and 0 mM to 5 mM of the alditols. These assays were performed

at a physiologically relevant temperature of 37 °C. Initial rate data were analyzed

using OriginPro and data were fitted to various inhibition models

2.3  Analytical ultracentrifugation
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Sedimemation velocity experiments were performed in an Ddralytical

ultracentrifuge (Beckman Coulter), using protein concentrations of 5 uM, 10 uM, and

15 uM in 20 mM Tris-HCI, pH 8.0, 100 mM NacCl. Data were collected at 280 nm,
50,000 rpm and at 20 °C. Solvent density, solvent viscosity and estimates of the
partial'specific volume for proteins were computed uSE®NTERR24]. Data were
fitted t@ a continuous size distributior(§)] model and a continuous mass distribution
[c(M)] model'usingSEDFIT[25].

2.4  Crystallization

Crystallization of MRSAN-acetylneuraminate lyase in a ligand free form has been
described/previouslj21]. Briefly, X-ray diffraction data was collected from a crystal
grown in"25% (w/v) polyethylene glycol 3350, 200 mM ammonium sulfate, 100 mM
Bis Tris, pH 5.5. Caerystallization of MRSAN-acetylneuraminate lyase was
performed by optimizing conditions used to grow crystalS.aiureus N
acetylneuraminate lyase previously [15]. The condition comprised 25% (w/v)
polyethylenerglycol 3350, 200 mM sodium chloride and 100 mM Tris-HCI, pH 5.5,

with the,addition of 5 mM of the sialic acid alditols.
2.5 Data collection, data processing and structure refinement

For X-ray data collection, crystals were mounted onto loops, soaked in cryo
protectam solution containing reservoir solution made up to 20% (v/v) PEG 300 and
flash cooledin liquid nitrogen. Diffraction data were collected on the MX2 bewm li
at the Australian Synchrotron. Indexing and integration of the data were performed
using the prgramiMOSFLM[26]. Scaling and data reduction were then performed
usingSCALA[27] from the CCP4 program suite [28]. Resulting intensity data were
analyzed usin@HENIX.XTRIAGHrom the Phenix program suite [29]n estimate

of the number of molecules ihg asymmetric unit was obtained using the
MATTHEWS COEFFICIENProgram [30,31]Molecular replacement was

performed usingPHASER32]. Structure refinement was performed usRigFMAC

[33] andPHENIX.REFINH29]. Iterative improvement of the map and the elogas
performed using alternate cycles of refinement and redighresidue analysis in
COOT[34]. Water and ligand molecules were adadedCOOTand modeled into the
electron density manually. Coordinate and restraint files for ligands not CQRE

library were generatada SKETCHERPDB validation files are provided as
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supplementary data.
2.6 Seguence analysis of bacterddacetylneuraminate lyase enzymes

Multiple protein sequence alignment was performed betWeacetylneuraminate
lyasesfromSraureusGamella haemolysanslaemophilus influenza®asteurella
multocida Clostridium botulinumeE. coli, andC. perfringensThis alignment was
generated usinglustalW[35].

2.7 Small.angle Xay scattering

Small angle Xray scattering (SAXS) data wecellected on the SAXS/WAXS beam
line, equipped with a Pilatus 1M detector (170 mm x 170 mm, effective pixel size,
172 x 172um) at the Australian Synchrotron [36]. The wavelength of the Xays was
1.0332 A. A'sample detector distance of 1600 mm was psedding aqg range of
0.006-0.4 A". Approximately 50 pL of 10 mg/mL MRSA N-acetylneuraminate lyase
was subjected to size exclusion chromatography on a Superdex 200 5/150 GL
column, preequilibrated with 20 mM Tri¢1Cl, pH 8.0. Data were collected using a

1.5 mmyglass capillary, at 20 °C, and at 2 second intervals.

Two dimensioal intensity plots were radially averaged, normalized to sample
transmission, and background subtracted using the Scatterbrain software @ustrali
Synchrotron). All subsequent SAXS analyses were performed using the ATSAS
software package (version 2[3)]. Guinier plots were analyzed usiRiRIMUS[38]

to assesstdata quality. Indirect Fourier transformation of the data was @elfasing
GNOM|[39].to generate thB(r) distribution. Theoretical scattering curves of the
crystalstructure were generated fratomic coordinates and compared with

experimental scattering curves usibBY SOL40].
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3. Results and Discussion

3.1 Kinetic analyses of MRS®X-acetylneuraminate lyase reveal a high #r

sialic acid

Kinetic analyses of-acetylneuraminate lyase enzymes demonstrate that the first step
of thessialicsacid degradation pathway has a low affinity for its substrate, sialic acid.
The initial velocity of MRSAN-acetylneuraminate lyase with varying concentrations

of sialicraciddiplays a hyperbolic dependence on substrate concentration (Figure 3
A). Appropriate controls were performed to ensure that enzyme concentration was
proportionalto rate and the coupling enzyme was in excess (Supplementary Figure
S1). Fitting to a Michaelis-Menten kinetic model providd@\aof 3.2 + 0.1 mM, a

Vmax of 40.0 £ 0.2 umol/min/mg, and a Kgqt Of 22.1 £ 0.1 4. These values are

consistent with the kinetic parameters obtained for dthacetylneuraminate lyase
enzymes in the literatufé5,22,41-43].

Although the concentration of free sialic acid in the human respiratory and
gastrointestinal tract is not well characterized, there are estimates for the
congcentration of sialic acid in other tissues. For example, the concentration of free
sialic acid inhuman serum/plasma is thought to be approximately 0.0@I=R mM,
although the total concentration (conjugated and free) is estimated to be 1.6-2.2 mM
[44]. Staphylococcus aure@ncodes a putative sodium solute symporter (gene id

SAB0251), which is pradted to be responsible for the import of sialic acid into the
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bacterial cel[45]. Other members of the sodium solute symporter family are known
to use a sodium electrochemical gradient to drive in{d6r48]. However, little is

known about th&. aureusodium and sialic acid symporter, including its affinity for
sialic acid, the number of sodium ionsttansported, the ion specificity, or whether it
usesra econcentration or electrochemical gradient, or both. Given the competition for
resources in theuman respiratory and gastrointestinal tract and that the upper limit of
available sialic acid is likely to be in the low mM range, it is unlikely that the
concentration of free sialic acid being imported into the bacterial cell is higher than

theKy of N-acetylneuraminate lyase enzymes4(2 mM).

Assuming that the concentration of free sialic acid is low compared k\tlod N-
acetylneuraminate lyase, this enzyme may control flux through the catabolic yathwa
that is,ssinee-the concentration of sialic acid is low relative t&utssmall changes in
concentration will have a large effect on flux. This is similar to glucokjnalsieh

has a highKy (low binding affinity) for glucose relative to the concentration of
glucose. This type of regulation by glucokinase is considered to be important for
cellular hameostasi49]. Interestingly, the closely related enzyme,

dihydrodipicolnate synthase, is allosterically regulated blyine, its downstream
product[50]. StructurallyiN-acetylneuraminate lyase and dihydrodipicolinate
synthase enzymes are very similar, but allosteric regulatidd-émetylneuraminate

lyase has not yet be@bserved.

3.2 ldentification of a speciespecific inhibitor of MRSA-acetylneuraminate

lyase

In recent yeard\-acetylneuraminate lyase has received a considerable amount of
attention from both mechanistic and structural viewpoints and has been recbgsi

a viablesantibiotic drug target. Analogues of sialic acid have been synthesized in an
effort tasgenerate first generation inhibitors that target this enzyme. These include a
mixture.of the R- and BS-diaterecisomers of sialic acid alditotdéoxy salic acid

and 4-oxo sialic acid, which have all been shown to inhiatetylneuraminate lyase

to varying degrees. The sialic acid alditols have a hydroxyl group at the C2 position,
as opposed to the ketone of sialic acid that is required for iminetfomveith the
conserved lysine residue (Figure 3 B) [23,51,82]nversely, 4leoxy sialic acid53-

55] and 4-oxo sialic acid [56] are both capable of imine formation, but because they
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do not have a hydroxyl group at the C4 position, they cannot underg@icol
cleavagg52]. TheK; for the sialic acid alditols is 4.1 mp1], for 4-deoxy sialic
acid it is 0.90 mM54] and for 4-oxo sialic acid it is 0.03 mM agaistperfringens

N-acetylneuraminate lya$g6].

Sialic acid.alditol was synthesized agiastereomeric mixture of thd&R2and &
diastereoisomers and its ability to inhibit MR8kacetylneuraminate lyase catalysis
wasitested-by kinetic analysigheK; for the sialic acid alditols was determined to be
0.39 + 0:02amM (Figure 3 @jom initial velocity kinetic measurements with data
fitted to the competitive model of inhibition. Lbempetitive, norcompetitive and
mixed models of inhibition were also tested but did not fit to the data as well
(Supplementary Table S1). In contrast, the value; @btained for the sialic acid
alditols-against th€. perfringens Nacetylneuraminate lyase was 4.1 ri¥M].
Despiteshaving identical active site residues in regards to those that are involved in
catalysis and the highly conserved active site configamaeen irN-
acetylneuraminate lyase crystal structures, the difference in binding affinity for the
inhibitor may,be a result of protein dynamic differences in solution and/oedlter

binding Interactions within the active site.
3.3  Thesquaternary structarof MRSAN-acetylneuraminate lyase

Sedimentation velocity experiments were used to characterize the quaternary structure
of MRSA N-acetylneuraminate lyase in solutidftAcetylneuraminate lyase enzymes
belong to'the triosephosphate isomerase (Thityelor (B/a)s-barrel subfamily of
proteins;which includes dihydrodipicolinate synthasket®-3-deoxygalactonate
aldolase, and 4-hydroxy-@xoglutarate aldolase. Nearly all of these enzymes have the
same“tetrameric arrangement, but interestingly, the related MR$érddipicolinate
synthase enzyme exists in a monowiener equilibrium in solution [57]. To
characterise the oligomeric stoichiometry of MRSAcetylneuraminate lyase,
experiments.were performed at three concentrations. Data were fitte(sforedel,
resulting in a distinct narrow and symmetrical peak with a sedimentation coefficient
of 6.7 S at all concentrations (Figure 4 A). Other small peaks are observed at
approximately 4.5 S and 9.5 S that probably arise from sample contamination
(approximately 5%of the total signal). Since the ratio of these peaks, in particular the

primary peak at 6.7 S, does not change across different concentrations,MARSA
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acetylneuraminate lyase is a single tetrameric species in solution across the
concentration range testekhis data were then fitted tocdVl) model to calculate the
apparent molecular mass of the species (Figure 4 B), which was determined as 123
kDa. As the theoretical monomeric mass of MR$-Acetylneuraminate lyase is 33
kDa, thistis'consistent with a thietical tetrameric mass of 129 kDa. The randomly

distributed residuals indicate a good fit to the data (Figure 4 C) [58].
3.4 = Thesstructure of MRSK-acetylneuraminate lyase in a new crystal form

To gain_molecular insight into MRSK-acetylneuraminate lyase, the crystal structure
was solved.Xay diffraction data were collected to 1.70 A and processed as
described/reviouslj21]. Following refinement, the find,cior aNdRyee Were
reducedto 14.1% and 20.3%, respectively. All residues were modeled into electron
density, except for the methionine residue at position one of each chain. A highly
conserved Tyrl11 residue is in the ‘disallowed’ region of the Ramachandran plot in
each chain, as previously observed for the corresponding residue irNsther
acetylneuraminate lyase and DHDPS struct[fg®,57,59-61]All relevant statistics

are provided in Table 1.

Consistent,with the solution structure, the crystal structure of MRSA
acetylmeéuraminate lyase is a tetramer. The tetramer can be described as a dimer of
dimers, with monomera andb forming one dimer, and monomersndd forming

the second dimer (Figure 5 A). Within the monomer of MREAcetylneuraminate
lyase, consecute B-strands are labeleithrough toh and the a-helices are labeledl
throughitokawith the three additional @rminal a-helices denoted dsJ, andK,
respectively (Figure 5 B). As with all (B/a)s-barrel enzymes, the active site is located
in the"cengrof the barrel at the-@rminal end of the B-strandg62].

Mutagenesis; kinetic analysis and structural analysisadetylneuraminate lyase
enzymessin.complex with substrates and substrate analogues have identified key
residuessinvolved in substratabing and catalysif7,8,41,42,52,63]. Sequence
alignment ef\-acetylneuraminate lyase from six bacterial species indicates the
residues Ser48, Ser49, Tyrl11, Lys165, Thr167 Gly189, Glu191, Asp192 and Ser208
are likely to be important for the chemistrytalgzed by MRSAN-acetylneuraminate

lyase (Figure 6). Although Ser49 is commonly found to be a threonine in other

organisms, this substitution is considered conservative as these amino acids have
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similar properties. The positions of these residues ardidiigd in Figure 5 C.

Our 1.70 A structure of MRSA-acetylneuraminate lyase is of a higher resolution

than the previously published 2.10 A structur&oéureus Micetylneuraminate lyase
(PDB entry 4ahp) [15]. PDB entry 4ahp is missing amino acid residues Alal138 to
Asnl146, which forms a loop between thee@Gninal end of B-strande and a-helix E

in our MRSAN-acetylneuraminate lyase structure. The authors propose that this loop
is missing=because ordering is only achieved when substrate is present in the active
site, allowing:the formation of an imine, which repositions the catalytically important
Tyr137 residue for catalysis [15]. However, the presence of this loop in our ligand
free structure of MRSA-acetyheuraminate lyase suggests that ordering of this loop

is unlikely to/be involved in substrate binding.

Alignment of PDB entry 4ahp with our structure provides a rme&nsquare

difference (rmsd) of 0.49 A based on 1094 pairs of atoms, indicating thatrthey

highly similar. Despite this similarity, the overall shape of these structures is slightly
different,,with PDB entry 4ahp being longer along the axis of the tight dimer interface
and shorter along the axis of the weak dimer interface. It is knowaorttsaal

envirgnments can influence protein structure as a result of local structural differences,
rigid body.metion of large structural units, or conformational changes in loops, which
cause protein crystals to pack differerjig-66]. It is reasonableotassume that both

the unresolved loop formed by residues Alal38 to Asn146 in PDB entry 4ahp and the
difference in overall shape between the structures is an artifact of crystal packing in

different crystallization environments.
3.5  [The solution structuref MRSAN-acetylneuraminate lyase

SAXS data were collected to provide information about the shape of MNRSA
acetylneuraminate lyase in solution. The structural parameters are summarized in
Table 2«Fhe experimental scattering data were compared withtibabseattering
curves.generated from the atomic coordinates of the crystal structures of NNRSA
acetylneuraminate lyase a8daureus Macetylneuraminate lyase (Figure 7 A). Our
MRSA N-acetylneuraminate lyase structure gives a better fit to the expésimen
scattering data than tig aureus Macetylneuraminate lyase struct(i8]. It is likely
that the variable shapes of these structures and the missing loojsiratireus N

acetylneuraminate lyase structure attributes to these differences. Althauglysial
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structure is a more accurate representation of the structure in solution, small
differences are still apparent. These slight differences may be caused by protein
dynamics in solution that are constrained in the crystal [@Ydt the sialic acid
alditols bind toN-acetylneuraminate lyase enzymes from different species with
altered affinities, despite highly conserved active sites, raises the possibility that
protein‘dynamics may play a role. TR@) distribution shows a single symmetrical
peak Figure 7 B). Consistent with the crystal structure, this indicates that MRSA

acetylneuraminate lyase is globular in solution.

3.6  [The structure of MRSH-acetylneuraminate lyase in complex with a strong
inhibitor

Given the variable binding affinity of ¢hsialic acid alditols betweé\
acetylneuraminate lyase enzymes, the structure of MR-&&etylneuraminate lyase

in complex with this inhibitor was sought. Probing how inhibition occurs in MRSA
N-acetylneuraminate lyase will aid in our understanding of thifs inhibitor binds

more tightly.to MRSAN-acetylneuraminate lyase th@nperfringens N
acetylneuraminate lyase. The ligand free structure of MR&#&etylneuraminate
lyase@'was erystallized in a condition that contained 200 mM ammonium sulfate.
Crystallographic analysis &f-acetylneuraminate lyase enzymes in complex with
substrates and/or substrate analogues is recognized to be difficult under such
conditions [7,52]. Consistent with this, soaking andiyestallization experiments in

the presence of ammonium sulfate were unsuccessful because of a sulfate ion residing
in the active site. Thus, co-crystallization was performed in previously published
conditions that do not contain sulfate [15].rXy diffraction data was collected to

2.33 A, processed in the space gré&2p2:2; and solved by molecular replacement
using.the monomer @&. aureus Macetylneuraminate lyase as the search model (PDB
entry 4ahpfL5]. Following iterative rounds of refinement, tRgcwor andRyee Were
reduced:t0:19.3% and 26.1%, respectively. This model does not include methionine at
positionsone, or loop residues Alal38 to Asn146 in each monomer. This loop could
not be moadeled into the previously published ligand free structiBeanfreus N
acetylneuraminate lya$&5]. To ensure the absence of the loop was not a result of
model bias, the structure was also solved by molecular replacement with tite liga
free structure of MR& N-acetylneuraminate lyase as the molecular replacement

model, where this loop is resolved. Following refinement and attempts to build in
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these missing residues, no electron density appeared. This further suggésés that
unresolved loop in PDB entry 4@l likely to be an artifact of crystal packing in
different environments and not a feature of substrate bindopn, Tyrl11 is in the
‘disallowed’ region of the Ramachandran plot. All relevant statistics are provided in
Table"l:

Although sialic acid alditol was synthesized and kinetically tested as armixinly

the R-diastereoisomer was successfully modeled and refined into the electron density
within eachsmonomer (Figure 8 A). ThB-Bliastereoisomer of sialic acid alditol

binds in the active sitef MRSA N-acetylneuraminate lyase, which is located in the
center of the (B/a)g-barrel, in a tight pocket located on the C-terminal end (Figure 8

B). The inhibitor was refined into each monomer in a relatively similar conformation

(Figure=8:C);=suggestirtpat there is little flexibility in its binding orientation.

Analysis of the binding site for th&radiastereoisomer of sialic acid alditol in MRSA
N-acetylneuraminate lyase provides insight into how inhibition is achieved ¢Fgur

A). This,melecule contains a hydroxyl group at the C2 position as opposed to a
ketone; thus/is incapable of imine formation with Lys165. No covalent bond is formed
betweenthe'C2 position of th&2liastereoisomer of sialic acid alditol and Lys165.
Hydrogen.bonds between Ser48 and Ser49 with the carboxylate moiety at position C1
of the R-diastereoisomer of sialic acid alditol are formed similar to complexgs of

coli N-acetylneuraminate lyase and pyruvate [8]. Additional hydrogen bonding
interactions between MRSN-acetylneuraminate lyase and tHe@astereoisomer of
sialic acid alditol include the hydroxyl group at the C4 position with Gly189 and the
hydroxyl group at the C6 position with Asp191 and Ser208; the latter of which also
hydrogen bonds with the hydroxyl group at position C7 and the hydroxyl groups at
position. C7 and C9, which interact with Glu192. Importantly, all of these residues
have beensimplicated in substrate/product bindingNfacetylneuraminate lyase
enzymeg414;42,52,63]. In addition, Tyr252 hydrogen bonds with the carbonyl oxygen
at position C5 of theR-diastereoisomer of sialic acid alditol. The corresponding
residue inE;, coli Nacetylneuraminate lyase (Phe252) lies close in proximity to the

C5 carbonyl of substrate/product, but cannot farhydrogen bonf12]. We note that

theC. perfringenenzyme has a tyrosine at this position (Figure 6).

The structure oH. influenzae Nacetylneuraminate lyase in complex with tiie 2
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diastereoisomer of sialic acid alditol has been solved. As depickedure 9 B, the
2R-diastereoisomer of sialic acid alditol is in a relatively similar conformation within
both the MRSA andH. influenzaeactive sites. The hydroxyl groups at positions C7
and C8 have been refined in different orientations, however the s residues
implicated in"binding the R-diastereoisomer of sialic acid alditol are the same for
both structures. Residue Tyr251Hninfluenzae MNacetylneuraminate lyase lies in
close proximity, but does not interact, with the carbonyl oxygen at position C5 of the
2R-diastereoisomer of sialic acid alditol like the corresponding residue Tyr252 in

MRSA N-acetylneuraminate lyase, which adopts an alternate conformation.

As described, thK; for a mixture of R- and S-diastereoisomers of sialic acid afdi

with MRSA N-acetylneuraminate lyase is 0.39 mM, which is a magnitude better than
theK; of4:2zmM observed for th€. perfringensenzyme{51]. This increase in
binding.affinity against MRSAN-acetylneuraminate lyase suggests that species
specifie inhibtion is possible, which in this case may be attributed to very subtle
protein“dynamics differences in solution and/or altered binding interactidmis wie

active Site ofirespective enzymes.
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4, Summary

We have presented a detailed investigation into the structure and inhibitionSA MR
N-acetylneuraminate lyase. Consistent with previous literature, MRSA
acetylneuraminate lyase displays a relatively gh suggesting that this enzyme
may regulate flux through the catabolic pathway. Kinetic analysis of MRSA
acetylneuraminate lyase with a diastereomeric mixture of sialic acid alditols
demonstrated that they are a stronger inhibitor for MRIS#cetylneuraminate lyase
thanC."perfringens MNacetylneuraminate lyase. We have presented a structure of
MRSAMN-acetylneuraminate lyase that is of a higher resolution than a previously
publishedS. aureustructure and contains new information. Subtle differences are
observed between the crystal structure and theSSderived solution structure that
may be caused by protein dynamits.elucidate which residues are involved in
binding.sialic. acid alditol in MRSA-acetylneuraminate lyase, the structure was
solved.in.complex with this inhibitor. A difference in the binding of this inhibitor is

observedibetween MRSA ahtl influenzae MNacetylneuraminate lyase.
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Figure 1. Thesialic acid degradation pathway. Following the import of sialic acid into the
bacterial'eell, it is successively degraded into fruc®pbosphate biN-acetylneuraminate lyash;
acetylmannosaminé-phosphatelN-acetylmannosamin@-phosphate 2pimeraselN-
aceylglucosamines-phosphate deacetylase and glucosariphosphate deaminase.

Figure2: Proposed catalytic mechanism of N-acetylneuraminate lyase. The reversible
enzymatic_reaction showing the involvement of a conserveadysisidue in catalysis. Tleenserved
lysine‘residueTis involved in the formation of an imine with therke at the C2 position of sialic acid

in the retrealdol sense and pyruvate in the aldol direction.

Figure3. Kinetic analysis of MRSA N-acetylneuraminate lyase. (A) Kinetic analysis of
MRSA N-acetylneuraminate lyase with sialic adithta were fitted to the Michaelldenten equation
with an R valte of 0.99(B) The chemical structure of sialic acid and the siatiid alditols(C)

Kinetic analysis oMRSA N-acetyheuraminate lyase with varying concentrations of sialic acid and
sialic’acid alditol. Data best fitted to the coniet model of inhibition.

Figure 4 Sedimentation velocity analysis of MRSA N-acetylneuraminate lyase by

analytical ultracentrifugation. Experiments were conducted at 5 uM, 10 uM and 15 uM of freshly

purified proteindn 20 mM TrigHCl, pH 8.0, 100 mM sodium chloride. Data were collected at 280 nm,
50 000 rpm and 20 °GEDNTERRvas used to calculate the partial specific volume of MRBA
acaylneuraminate lyase (0.7404 g/ml), solvent density (1.0029 gfrdlyecosity (0.0102 pois¢24].
Data were fitted to a(s) andc(M) model at a resolution of 300 and a confidence level of 0.95 using
SEDFIT[25]. (A) Thec(s) model plotted as a functiaf sedimentation coefficient. Data were fitted
with ansvalue ranging between 1 and 12 S. The fit resulted in a fri¢tiatia (f/fy) of 1.3394(B)

The c(M) model plotted as a function of molecular mass (kData were fitted with a minimum mass
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of 20 kDa and a maximum mass of 180 k[¥2). The residuals for the(s) distribution fits indicate

randomly distributed noise.

Figureb. Thestructure of MRSA N-acetylneuraminate lyase. (A) The tetrameric structure
of MRSA N-acetylneuraminate lyase. Monomers are labalédaoughd. The active site of each
monomeris:oriented towards the central cavity of the tetrddsimg the PDBePISA serv§s8], the
oligomericiinterfaces of MRSA-acetylneuraminate lyase were analyzed. The tight dimer interface
has 1429.A of buried surface area, an estimieof -14.1 kcal/mol, with 22 nowovalent bonds
(averagesofd/zhydrogen bonds and 5 hydrophobic intenscicross the two tetramers in the
asymmetric unit). In contrast, the weak dimer interface hdg A of buried surface are, an estimate
A'G of -11«7 keal/mol, with 27 norcovalent bonds (average of 16 hydrogen bonds and 11 hydrophobic
interactions)(B) The monomeric structure of MRSXacetylneuraminate lyase. The B-strands are
labeleda throughh and the a-helices are labelefl throughK. The active site is located in the center
the barrel at the @&rminal end of the B-strands(C) A stereo view othe residues that have been
implicatedrinssubstrate binding and catalysis. Tyrl11 is col@eas it is from the neighboring

subunit.

Figure6. Sequence alignment of N-acetylneuraminate lyase enzymes from six bacterial
species. Highly conserved residuese highlighted with blue boxes, while those that have been
implicated in substrate binding and catalysis are highlighted watktioxes. Conserved residues are

numbered at'the top of the sequence accordigg sareus

Figure7. SAXSdatafor MRSA N-acetylneuraminate lyase. (A) The experimental

scattering profile of MRSAN-acetylneuraminate lyase (presented as open circles) overlaid with
theoretical scattering profile of the MRacetylneuraminate lyase structure in magegtta (0.8)

and the theoretical scattering profile of ieaureus Macetylneuraminate lyase structure (PDB entry
4ahp) in bluef® = 1.9), calculated usingRYSOL40]. The Guinier plot (inset) was determined using
GNOM|[89] and gives the scattering intensity at very lowtscatg angles. The plot is linear
suggestingthat no sample aggregation and/or interpartieléergnce is preser(B) Real space
distance distribution functioR(r) plot determined usinGNOM|[39].

Figure8: Sialic acid alditol in complex with MRSA N-acetylneuraminate lyase. (A) A
stereo view,of.active site omit maps with tHRe dastereoisomer of sialic acid alditol (yellow) kit
all four monomers in the asymmetric unit. Sialic acid ald& depicted in an open chain form. The
omit map was.generated by removing the ligand from all actige fllowed by refinement. Thd-2-
F electron density was contoured at a sigma level of 1 (blue)e wieF,-F. was contoured at a
sigma level'ofi3, (green) and (red).(B) A side view (eft) and top view (right) of the MRSN-
acetylneuraminate lyase monomer with sialic acid alditol boutfitiactive site. The monomer is
depicted as a surface representation and sialic acid alditol hiad#ght pocket at the center of the

barrel.(C) A stereo view of sialic acid alditol from each monomer overlaid.

Figure9. Thesdialic acid alditol binding site. (A) A stereo view of the sialic acid alditoR2
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diastereoisomer binding site within MR®Aacetylneuraminate lyase. Hydrogen bonds between the

ligand and protein are indicated by black dashes. The carbonsralered one through to nir{8) A

stereo view of the residues involved in binding the sialic dditbh2R-diastereoisomer in MRSA

(green) andH. influenzadpurple)N-acetylneuraminate lyase overlaid. Sialic acid alditol modeled into

MRSA N-acetylneuraminate lyase is yellow andHninfluenzae Nacetylneuraminate lyase it is

orange. The hydroxyl groups at carbon positions seven and eightearedrin alternative

conformations.

Table 1.

alditol beund:MRSA N-acetylneuraminate lyase.

X-ray data collection and refinement statistics for ligand free and sialic acid

Ligand free MRSA

N-acetylneuraminate lyase

Sialic acid alditol bound

MRSA N-acetylneuraminate

lyase
data collection statistics
wavelength (A) 0.95369 0.95369
number of images 360 360
oscillations (°) 0.5 0.5
space group P2, P2,2,2,

unit cell parameters (A, °©)

resolution range (A)
observed reflections
unique reflections
meanl/a(l)
completeness (%)
Rmergel

Rrimt

Roim8

wilson B value (&)

This article is protected by copyright. All rights reserved

a=80.2,b=108.6c=130.8
f=190.1

32.31.70 (1.791.70)
823,916 (91,713)
242,175 (33,054)
8.0 (2.6)

98.5(92.4)

0.101 (0.376)
0.118 (0.457)
0.061 (0.254)

15.5

a=81.5b=109.4c=130.8
a=f=y=90
46.222.33 (2.412.33)
367,079 (29,172)
49,980 (4,071)

14.2 (2.6)

99.1 (89.8)

0.108 (0.812)

0.125 (0.944)

0.063 (0.478)

27.7



molecules per asymmetric 8 4
unit 2.16 2.21
Vu (A Da?) 43 44
solvent content (%)

structure,and refinement statistics
Riactor(%0) 14.2 19.3
Ritee (%) 20.3 26.1

number.of atoms

protein 18,608 9,080

water 1978 177

ligands 152 84
rmsd

bonds (R) 0.006 0.009

angles (°) 0.0960 1.185

average B factors @

protein 14.5 36.5
water 19.9 33.0
ligands 215 37.7

Ramachandran plot, residues (%)

favored.region 96.9 96.3

allowed region 2.8 3.4

disallowed region 0.3 0.3
PDB entry 5kze 5kzd

Rimerge T = 2nk2i [l (MKI) - <I(hKD)>] /3 waXili (hKI).
Reim £ =2 na {N(KD/IN(hKD - 1312 5 |1 (hkD) — < (hKD>] / EnaXili (kD).
Rpim8 = Zpa [LAN = DY 3 [1; (hkD) — <(hkD)>| /¥ naXili (kI).

Table 2. Small angle X-ray scattering structural parameters.

Parameters MRSA N-acetylneuraminate lyase
q ranges(&Y 0.01-0.55

1(0) (cni™) [from, Guinier] 0.11

1(0) (cm®) [from P(r)] 0.11

Ry (A) [from Guinier] 32.8

Ry (A) [from P()] 32.8

Dimax (A) 88.7
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