Chapter 1: Introduction

1.1 The importance of NTD

3,3-Neotrehalosadiamine (NTD) (Figure 1.1) hasnbesported to inhibit the growth of
Klebsiella pneumoniae and Saphylococcus aureus”™® NTD’s activity againstS aureus is
noteworthy, as Methicillin-resista® aureus (MRSA), which is resistant to thglactam family
of antibiotics, is a well known hospital-acquiredfection and is the cause of significant
morbidity and mortality. Standard treatment for MRSA is the administratbwvancomycin, a
glycopeptide that inhibits cell wall synthesis. iFhantibiotic was sufficient for nearly 40 years
until the isolation of vancomycin-intermedig@eaureus (VISA) from a clinical setting in 1998.
In 2002, fully vancomycin-resistast aureus (VRSA) was isolated from a clinical settifigThis,
combined with the fact th& aureus strains have shown varying levels of resistanceeigeral
other classes of antibiotics, makes it clear tmaestigation of any potential antibiotic is a

pressing concerh.
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Figure 1.1: Structure of NTD.

1.2 The nature NTD

Structurally, NTD is a 1,1'-linked aminodisaccharidomposed of two kanosamine
residues linked in aa,B-fashion. This peculiar linkage classifies NTDaaseotrehalose (Figure
1.2), a rare class of disaccharides. In fact, NgEhe only known naturally occurring example
of a neotrehalose composed of two aminosufdtsbelongs to a group of similar aminosugars
that possess antibiotic properties along with tied@amine, 3-trehalosamine, 4-trehalosamine,
and mannosyl glucosaminide. NTD’s kanosamine sitbame also a distinguishing feature in

the important antibiotic, kanamycin (Figure 1.3Naturally produced by strains d&acillus



pumilis andB. circulans,* the production of NTD has been demonstrated ifampicin resistant

mutant ofB. subtilis.®
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Figure 1.2: Structures of the trehaloses.
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Figure 1.3: Structure of kanamycin A. The kanosamine unit is highlighted in blue.

1.2.1 lIdentification of theNtd operon
B. subtilis does not normally produce NTD in any detectablelle However, Ochét al.
discovered that a S487L mutation in tResubunit of RNA polymerase from a rifampicin

resistant strain resulted in the up-regulation GfDNproduction. Transposon mutagenesis



revealed that disruption of tlygjLKM (renamed taitdABC) polycistronic operon resulted in the
abolishment of NTD production. Sequencing revedledupstream presence of a Lacl family
transcriptional regulator, yhjM (renamed tdR), disruption of which also abolished the
production of NTD. It was also found that the s of NTD caused NtdR, the NTD
promoter, to bind upstream NtdA. This evidence, combined with the fact that addibf NTD
to a culture of wild typeB. subtilis actually induces NTD production, indicates NTDsaas its

own inducer’

1.2.2 The role of NTD in the cell

In order to understand this phenomenon, @tlal. analyzed the transcripts ofdABC,
revealing thaglcP, a gene encoding a proton-dependent glucose/marsyagport permease and
possessing no transcriptional initiator of its owengotranscribed withtdABC in approximately
18% of transcripts (Figure 1.4). It was also fouhdt inactivation oflcP up-regulated NTD
production, while overexpression aficP down-regulated NTD production. Transposon
mutagenesis had already revealed that disruptianp#f, a gene which encodes a transcriptional
regulator of carbon catabolite expression assatiateith the glucose-specific
phosphoenolpyruvate-dependent phosphotransferasegensy(glucose-PTS), impaired NTD
production. Mutants lacking glucose-PTS also destrated a lowered production of NTD, but
in both cases, addition of exogenous NTD restoretbgenous NTD production. This indicated
that glucose-PTS was not merely providing the satest for NTD biosynthesis, but was actually
affecting its regulation, most likely through somdewnstream process. Ochi makes the
conclusion that NTD operates as a signaling mo&dat quorum sensing (the only known
example of an aminosugar operating in this roldhw@lcP-mediated glucose uptake under its

control®

Ochi goes to some lengths to contradict himsel ilater publication. Glucose uptake
assays performed by his group could not detectchange in glucose uptake rates when either
glcP was deleted or exogenous NTD was adteiccording to Paulsest al., deletion ofglcP
should have resulted in a 30% decrease in glucpiskel® with the corollary conclusion being
that the addition of NTD, which up-regulatglsP transcription, should increase glucose uptake.

Although Paulsen makes a very convincing argum@hi disagrees, concluding that the



function of GIcP is not to provide an alternatiweite of glucose uptake in order to supplement
metabolism, but to provide a regulatory elementN@D biosynthesiby sensing free glucose

in the cell®
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Figure 1.4: ThentdABC operon and associated elementdn the absence of NTD, NtdR cannot bind upstream of
thentdABC operon transcription initiation sequence, inhiigtihe transcription of the operon. In the presasfc
NTD, NtdR binds, promoting transcription of thel ABC operon, along witlglcP as a readthrough product.

Real-time PCR experiments usiglgP deletion mutants showed that NTD biosynthesis
was responsible for the down-regulation of the geaksD (acetolactate synthaseysS
(acetolactate decarboxylase), andR (Na'/malate symporter) as well as the up-regulation of
l[icBCAH operon (components of the lichenan-PTS associateehan uptake and metabolism),
the yyaH-maa operon (an operon with an unidentified functio@nd yyaJ (a probable
transporter). Any regulation of these genes byPGlself or free glucose was ruled out as
ntdABC deletion mutants did not show any change in theusnof these genes’ transcripts in
either the presence or absence of GIcP expressionally, perhaps most interesting is that
although NTD is directly responsible for its owmguéation, the addition of NTD to a culture of
B. subtilis during the exponential phase only had a signifieffect on the expression of the
yyaH-maa operon. Ochi explains this only by saying thattitaation” of the NTD biosynthetic



operon is responsible for the regulation of alltié above genésbut it is likely that some

intermediate in NTD biosynthesis is acting as all&gry element.

1.3 Kanosamine biosynthesis

As stated above, NTD is composed of two kanosammts. However, the origin of
these units is unknown. Kanosamine has been krasva component of kanamycin for over
fifty years! but was not isolated as its free form until temrgeafter its initial discovery. It
was the first deoxyamino sugar to be isolated axllbeen isolated from several otBacillus
species sincE ™ although it is unclear whether it is producedtinfiee form or whether it is the

result of the hydrolysis of NTD due to the acidinditions used in kanosamine’s isolation.

Kanosamine is probably best known as the carbonnénogen source for 3-amino-5-
hydroxybenzoic acid (AHBA), a precursor of the mifgcin series of antibiotics (Figure 1.5).
This pathway has been highly studiedmycolatopsis mediterranei.’® Scheme 1.1 displays the
method by whichA. mediterranei converts UDP-glucose to kanosamine and, eveniually
kanosamine 6-phosphate. NtdC has been putatigsigreed as an oxidoreductase, NtdA as an
aminotransferase, and NtdB as a member of the ¢idlaehalogenase superfamilpf which
many members are phosphatases. A prudent assamyidd be to assume that NtdC, NtdA,
and NtdB catalyze the same reactions on the sabstrates as RifL, RifK, and RifM. However,
protein sequence alignments indicate that thesenegw only share 19%, 17%, and 14%
sequence identities, respectively. This indicdited the likelihood of them utilizing the same
substrates is very low, and is not surprising, @snembers of th&acillus genus are known to
produce rifamycins. Hence, the NTD operon may dode novel biosynthesis of kanosamine

as well as NTD.
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Figure 1.5: Structures of AHBA and rifamycin B. The rifamycin
subunit derived from AHBA is highlighted in blue.
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Scheme 1.1: Biosynthetic route to kanosamine and kasamine 6-phosphate ifA. mediterranei.™®

1.4 Proposed biosynthetic pathway for NTD
Members of the genuBscherichia are not known to produce either neotrehaloses or
kanosamine, buDchi et al. have shown thaEscherichia coli BL21(DE3) cells that have been

transformed with the pUCI18dABC construct, a construct that contains th&lABC



biosynthetic operon cloned between tBeoRI and BamHI sites of the pUC-18 vector, are
capable of producing NTD. Barring some unrepodiitity for E. coli to produce neotrehaloses,
this exogenous expression of NTDHncoli suggests that NtdA, NtdB, and NtdC are the only
proteins required for the synthesis of NTD from sometabolite common to bokh coli andB.
subtilis® Given that a BLASY search agrees with Ochi al.’s original assignment that the
gene products encoded htdA, ntdB, andntdC are members of the pyridoxal phosphate (PLP)
dependent aminotransferase family, the haloacicildgknase (HAD) hydrolase superfamily,
and the nicotinamide adenine dinucleotide (NADH)petalent dehydrogenase family,

respectively, it is possible to make an educatexbgas to the origin of this metabolite (Scheme
1.2).
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Scheme 1.2: Presumed biosynthetic route for NTD.

The simplest route imaginable is to assume thatogke is the starting material. In this
case, NtdC catalyzes a selective oxidation, andsesytently, NtdA catalyzes a reductive
amination of carbon three to make kanosamine. NédBmember of the HAD superfamily and
could theoretically work in reverse to condense kanosamine residues into the final product,
NTD. However, biological glycosylations usuallyquere a sugar nucleotide diphosphate,
indicating that glucose may be too simple a premursA more thorough analysis of what is
known and what can be deduced about the indivielnzymes is presented below.



1.4.1 NtdA

In the original paper describing its cloning, Oehil. assigned NtdA to the family of
PLP-dependent aminotransferadete general mechanism of which can be found intmos
introductory biochemistry texts. Briefly, a consedvactive site lysine residue covalently binds
PLP as an internal aldimine via the formation @chiff base. The amino donor then displaces
the lysine to form an external aldimine. The lgsiresidue now acts as a base, catalyzing
tautomerization of the external aldimine to an mdéketamine. This process is possible due to
the electron withdrawing properties of the protedapyridoxal ring which increase the acidity
of the hydrogens attached to thexC-Nucleophilic attack by water at &€-of the amino donor
disrupts the Schiff base of the external ketammeducing pyradoxamine phosphate (PMP) and
a ketone. From here, the process acts in reveritfe attack by PMP on the @-of the amino
acceptor generating a second external aldiminadysatalyzing a tautomerization to an external
ketamine, and finally, lysine displacing the amamxeptor to release the newly formed amine
and reform the internal aldimine. The procesfed a two stage, ping-pong mechanism where
the first substrate must leave before the secondicail®

A protein BLAST searcti revealed several proteins of known structure amttfon
that share a sequence identity of 30% or greattr WidA. The two highest identities were
achieved with DesV (PDB ID: 20GA) and QdtB (PDB IBERK), both of which are members
of the aspartate aminotransferase family. Botsdhenzymes catalyze the transfer of an amino
group from glutamate to C-3 of (d)TDP-3-oxo-suggramoses, placing them into subfamilygVI
of the aspartate aminotransferases, as opposedbtansly VI, which accept NDP-4-oxo-sugar
pyranoses and subfamily Mivhich accepscyllo-inosose. It is predicted that NtdA also acts on
C-3 of a 3-oxo-sugar pyranose. A sequence alighrbetween NtdA, DesV, and QdtB is
displayed in Figure 1.6. The crystal structureNodiA as the internal aldimine has also been
solved and agrees well with the structures of ttheeromembers of the Ybubfamily (Figure
1.7)_19, 20
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Figure 1.6: Sequence alignment of NtdA with other PP-dependent aminotransferases from subfamily \j.
Sequence alignment generated vitbstal W using the Blosum scoring matikOpening gap penalty = 10;
Extending gap penalty = 0.05; End gap penalty =SHparation gap penalty = 0.05. Image generaied BSPrit
V2.22% The abbreviations used, references to the puddiskquences, and databank accession numbers are as
follows: NtdA, the gene product ofdA from B. subtilis;®> DesV, glutamate/TDP-4,6-dideoxy-3-0&ep-glucose
aminotransferase @&reptomyces venezuelae (PDB ID: 20GA)?* QdtB, glutamate/TDP-6-deoxy-3-0x0D-

glucose aminotransferase Tifer moanaer obacterium thermosaccharolyticum (PDB ID: 3FRK)®*® The N-terminal
hexa-histidine tag of DesV and the C-terminal hiistidine tag of QdtB have been removed in ordemiarove

the alignment.

Kim et al. identified four motifs common to the sugar amiaosferases. Motif | has a
consensus sequence of (G,D)DEV(I/V) which is cortghyeconserved among the sequences in
Figure 1.6. Kimet al. report that this motif is unique to sugar aminoesfarases, and hence, is

most likely to be involved in nucleotide bindify. They make reference to a paper on the



nucleotide-binding motif of the chromatin bindingpfein, Cdc6p, as support for their claim, but
the only similarity between the two motifs seem$é¢othe aspartate-glutamate pair found in the
Walker B motif of Cdc6p (VLDEMD). In the Walker Bnotif, this pair of residues is
responsible for coordinating a magnesium ion whirckurn coordinates the phosphate chain of
ATP?’ However, no sugar aminotransferase structuresegeamagnesium within the active site,
and the crystal structure of QdtB complexed wite #xternal aldimine of its sugar substrate,
PLP:TDP-3-aminoquinovose aldimiAgshows that motif | is situated on a 7-strandedeuh-
sheet located within the interior of the proteinthathe nucleotide tail of the substrate pointed in
the opposite direction (Figure 1.8). Although thisotif may be unique to sugar

aminotransferases, it does not appear to funcii@ettly in nucleotide binding.

Motif II, VHXXG, is within the active site, but mas no obvious contacts with the
external aldimine sugar in the QdtB structure. iMidt (I/L/V)X(I/L/V)(I/L/V)EDXA(Q/H/E),
contains a conserved aspartate residue, D222 iA Htdl D157 in QdtB, which is critical for
efficient catalysis. In the sugar aminotransfersisectures, this residue is positioned in such a
way that they-carboxyl group cradles the nitrogen atom of thedmxal ring, ensuring that it
remains in its protonated form. Motif IV, S(F/LJ{HFH)XXKX s.4(E/D)GG, contains the
catalytic lysine (K247 in NtdA and K186 in QdtBThe active site and its important residues are
displayed in Figure 1.9.
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Figure 1.7: Crystal structure of NtdA as the interral aldimine.®® V196, H197, G200, the internal aldimine
between PLP and D222, and K247 are representdabimstick figures. Oxygen and nitrogen atomscateured
bright red and dark blue, respectively, while pliaspus atoms are coloured orange. Image genauaied

PyMOL V0.99rc62®

Figure 1.8: Crystal structure of QdtB complexed wih PLP:TDP-3-aminoquinovose aldimine (PDB ID:
3FRK).% PLP:TDP-3-aminoquinovose aldimine and the resichfemotif | are displayed as their stick structure
Oxygen and nitrogen atoms are coloured bright retidark blue, respectively, while phosphorous atares
coloured orange. Carbon atoms of the externatraai are coloured green. Image generated WivPOL

V0.99rc6%8
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Figure 1.9: Structure of the active site of QtdB cmplexed with PLP:TDP-3-aminoquinovose aldimine (PDB
ID: 3FRK). % PLP:TDP-3-aminoquinovose aldimine, V131, H1G235, D157, and K186 are displayed as their
stick structures. Oxygen and nitrogen atoms al@uced bright red and dark blue, respectively, @iphosphorous
atoms are coloured orange. Carbon atoms of tlegreaitaldimine are coloured green. Image genernzid)

PyMOL V0.99rc6%

1.4.2 NtdB

The primary structure of NtdB aligns with membefshe haloacid dehalogenase (HAD)
superfamily. This ubiquitous group of proteinsnemed in honor of the first members to be
identified. However, most of the members of tlmily are actually phosphotransferases, with
the bulk of these being ATPases and phosphatasddl members of the HAD superfamily
possess ao/B-core hydrolase fold similar to the Rossmann faltlere a3-sheet is sandwiched
between two layers af-helices®® This core presents four catalytic loops which responsible
for recognizing the substrates, catalyzing thetreacand in the case of phosphotransferases,
binding magnesiurf. The crystal structure of NtdB containing Mdias been reported (PDB
ID: 3GYG) (Figure 1.10%} suggesting that it is a phosphotransferase. #twe)B-sandwich

cap domain (yellow) inserted between catalytic oo (green) and three (magenta) indicates

12



that NtdB belongs to subfamily Il of the HAD sugerfily along with trehalose 6-phosphate
phosphatase (T6PP) and sucrose 6-phosphate phaspl(@6PP).

Figure 1.10: Crystal structure of NtdB from B. subtilis (PDB ID: 3GYG).*! The core and cap domains are
coloured blue and yellow, respectively. Loops timeugh four are highlighted in cyan, green, maggeand red,
respectively. The lone magnesium atom is represidoy a grey sphere. D25, D27, T29, T65, K209,D28d
D236 are represented as their stick figures. Oxygel nitrogen atoms are coloured bright red amkl ldae,
respectively. Image generated usiy$1OL V0.99rc62®

Figure 1.11 displays the sequence alignment ofettibgee enzymes. Although the
sequence identities are poor at only 10% betweel Mhd T6PP and 19% between NtdB and
S6PP, motifs I, I, and Il are well conserved. Wdt DXDX(T/V), is situated on loop one
(cyan), and is highly conserved among HAD phospgeatad phosphomutase family members.
The first aspartate residue corresponds to D2%d@BMNnd is instrumental in the formation of the
phosphoaspartate intermediate common to HAD phdapba (Scheme 1.3), as well as
coordinating M§*. The second aspartate, D27, is a distinguishéatufe of HAD phosphatases
and phosphomutases and is believed to functiomaacil or base cataly¥t. The threonine
residue corresponds to T29 and possibly forms laligiag hydrogen bond with the phosphate
moiety, as well as forms an electrostatic intemacihetween its backbone carbonyl and®Mg
Motif II, (S/T)GX, is located on loop two (green)The threonine corresponds to T65 in NtdB

and is believed to function in much the same wayhasthreonine in motif I, by donating a

13



hydrogen bond to the phosphate moiety. Motif KI(X) 16.3G/S)(D/S)XXX(D/N), spans loops
three (magenta) and four (red). The lysine residi®299 in NtdB, is believed to form a salt
bridge with the phosphate moiety. This lysine dsons a hydrogen bond with the nucleophilic
aspartate in motif |1 (D25), stabilizing its negaticharge. Finally, the two aspartate residues,
D232 and D236 in NtdB, are responsible for coortitigpMg?*.*% ** For comparison, RifM only
conserves the first and last residues of motibesdnot conserve motif I, and does not conserve
the lysine in motif 1ll. Figure 1.12 displays tlaetive site of NtdB, along with the residues

predicted to be important for its function.
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Figure 1.11: Sequence alignment of NtdB with someAD subfamily Il members, as well as RifM. Sequence
alignment generated witBlustalW?* using the Blosum scoring matfixOpening gap penalty = 10; Extending gap
penalty = 0.05; End gap penalty = 10; Separatignpgalty = 0.05. Image generated usiSgrit V2.22 The
abbreviations used, references to the publishedes®gs, and databank accession numbers are agsfolitdB,

the gene product aftdB from B. subtilis;® T6PP, trehalose 6-phosphate phosphata$hepfnoplasma acidophilum
TA1209(PDB ID: 1U02)%* S6PP, sucrose 6-phosphate phosphataSgnethocystis sp PCC 6803 (PDB ID:
1S20)¥ RifM, RifM of Amycolatopsis mediterranei (NCBI Reference Sequence: NC_014318°1).
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Figure 1.12: Structure of the active site of NtdBrbm B. subtilis (PDB ID: 3GYG).*! The core and cap domains
are coloured blue and yellow, respectively. Loops through four are highlighted in cyan, greengemda, and red,
respectively. The lone magnesium atom is represdny a grey sphere. D25, D27, T29, T65, K20BD2and
D236 are represented as their stick figures. Oxygel nitrogen atoms are coloured bright red amkl ldae,
respectively. Image generated usRyOL V0.99rc6%
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1.4.3 NtdC

A protein BLAST searcH identified NtdC as a member of the GFOR/IDH/MocA-C
superfamily of oxidoreductases, a group of enzynteat use NAD(PYNAD(P)H to
oxidize/reduce various sugar and inositol substraltbis class of enzymes displays two domains,
a nicotinamide dinucleotide-binding domain and talgéic, sugar-binding domain (Figure 14).
A sequence alignment between NtdC and its thresestaelatives with known structure, inositol
dehydrogenase from. subtilis (IDH) (22% identity)®" *® 1,5-anhydro-D-fructose reductafsem
Sinorhizobium morelense (AFR) (PDB ID: 2GLX) (19% identityf® and glucose-fructose
oxidoreductase fronZymomonas mobilis (GFOR) (PDB ID: 1RYD) (17% identity) was
performed using Clustal®¥ and the Blosum scoring matfix(Figure 1.14). The sequence of
RifL from Amycolatopsis mediterranei was also included for comparisor. although no

structure is available.

Figure 1.13: Crystal structure of AFR with NADP* bound*®* NADP" is represented as its stick figure. The N-
terminal, nicotinamide dinucleotide-binding domaimd the C-terminal, catalytic sugar-binding doneai@ coloured
yellow and orange, respectively. Oxygen and nérogtoms of the cofactor are coloured bright retidark blue,
respectively, while phosphorous and carbon atomseloured orange and green, respectively. Imagerated
usingPyMOL V0.99rc62%

The bulk of the conserved residues in these protéal within the nicotinamide

dinucleotide-binding domain, which is composedld first 120 or so residues. Although the

16



number of conserved residues in this domain istéichithe structure of this domain, named the
Rossmann fold after the researcher who first releegh its importance in nicotinamide
dinucleotide-binding proteins, is well conservedoam most NAD(PYNAD(P)H-dependent
oxidoreductases. Rossmann identifib@ap-topology consisting of a three-stranded, parallel
B-sheet layered atop the twoehelices (Cyan in Figure 1.1%). Subsequent investigations have
revealed that th@-sheet of the Rossmann fold must be extended lbgaat one additiong3-
strand in order to properly bind its cofactor. lactate dehydrogenase (LDH) type
oxidoreductases, this fourfBrstrand is contributed by a second Rossmann foldg@ita in

Figure 1.15) related to the first by roughly a G detween the folds’ interface.

As can be seen in Figure 1.15, the cofactor is lelth extended conformation, cradled
within the valley created by the turns connecting individual strands of thg-sheet to thex-
helices. Each Rossmann fold contains a single coedemotif positioned along these loops.
The first conserved motif is part of the so-calfedjerprint region and has a general consensus
sequence of GXGXX(G/A) (Figure 1.16). The firsyghe, G8 in NtdC and G7 in AFR, is
strictly conserved and is believed to be necessamyder to create the sharp turn of the first loop
The second glycine, G10 in NtdC, is less well coresd, as is evident from its substitution to a
serine at position nine of AFR, but is thought llova a close contact of the main chain with the
phosphate, enhancing the interaction between thatively charged 2’-phosphate moiety of the
NADP/NADPH and the positive dipole of the N-terminus tbe first a-helix.*> The third
glycine appears to be most strongly conserved irDNIADH-binding proteins, while an
alanine, A13 in NtdC and A12 in AFR, is more comnimtNADP'/NADPH binding protein&>
The side chain of alanine is believed to slightistalt the firsta-helix, widening the binding
pocket for the accommodation of the 2'-phosphateigrin NADP/NADPH.*? Therefore, the
alanine at this position in NtdC suggests that Ntaight be NADP/NADPH-dependent.
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Figure 1.14: Sequence alignment of NtdC with memberof the GFOR/IDH/MocA-C superfamily. Sequence
alignment generated witBlustal W using the Blosum scoring matfixOpening gap penalty = 10; Extending gap
penalty = 0.05; End gap penalty = 10; Separatignmgmalty = 0.05. Image generated ugiSgrit V2.2* The
abbreviations used, references to the ?ublishelaiesmqas, and databank accession numbers are aggoliitdC,

the gene product otdC from B. subtilis; GFOR, glucose-fructose oxidoreductas@whomonas mobilis (PDB

ID: 1RYD);***° AFR, 1,5-anhydrofructose reductaseSfor hizobium morelense (PDB ID: 2GLX)?° IDH, myo-
inositol dehydrogenase 8f subtilis (GeneBank ID: AAA22543.1%! RifL, RifL of Amycolatopsis mediterranei
(GeneBank ID: ADJ42448. 5.
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Figure 1.15: Structure of the nucleotide-binding dmain of AFR complexed with NADP.*® The nicotinamide
nucleotide-binding domain is composed of two Rossnfald, Boapaf topologies linked by aa-helix (green).

The N-terminal and C-terminal Rossmann folds ateuwred cyan and magenta, respectively. NABRepresented
as its stick figure. Oxygen and nitrogen atomthefcofactor are coloured bright red and dark blespectively,
while phosphorous and carbon atoms are colouretjerand green, respectively. Image generated @sivi@L

V0.99rc6%8
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Figure 1.16: Structure of the fingerprint region of AFR complexed with NADP".** The N-terminal and C-
terminal Rossmann folds are coloured cyan and ntagesspectively, and are linked by a singglelix in green.
NADP*, G7, S9, A12, and S33 are represented as thelrfagures. Oxygen and nitrogen atoms are colobraght
red and dark blue, respectively, while phosphosngcarbon atoms of the cofactor are coloured erangd green,
respectively. Image generated usRyVMOL V0.99rc6%

However, NAD/NADH-binding proteins usually possess a negativedgarged residue
within the second turn that hydrogen bonds with 2Rbydroxyl group of NAD/NADH, (D33
in NtdC) while NADP/NADPH-binding proteins usually possess a smalhanged residue at a
corresponding position (S33 in AFR). The subsbtutis necessary in order to avoid an
unfavourable electrostatic interaction between nigative side chain of the residue at this
position and the negatively charged 2'-phosphatéeety@f NADP/NADPH. On its own, the
fact that NtdC possesses an aspartate at thisiguoss#tuggests that NtdC should be
NAD*/NADH-dependent® It has been shown that an A13G mutation in AFRrdéd dual-
cofactor specificity to the enzyniéwhile a S116D mutation accomplished the same iORF

This seems to suggest that NtdC may possess ahatual-cofactor specificity.
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The second motif, AGKHVXCEKP, is located on the &t loop of the second
Rossmann fold structure and appears to be uniqogitoreductases with sugars or inositols as
substrate§> The CEKP section of this motif is especially impat, as it makes several contacts
with the nicotinamide moiety of the cofactor, anéyminteract with the sugar substrate and
catalytic residues (Figure 1.17). The cysteinadieess C89 in NtdC and C92 in AFR, is
positioned such that its side chain may form a bdgdn bond with the ring nitrogens of a
histidine that is conserved in the GFOR/IDH/MocAsGperfamily of oxidoreductases (H73 in
NtdC and H76 in AFR). This histidine forms a hyglea bond with the 3’-hydroxyl group of the
nicotinamide ribose moiety and is supported by ips$ydrogen bonding interactions with the
main chain nitrogen of the conserved glutamate taedmain chain oxygens of the conserved
glutamate, lysine, and proline. The side chairb@eylate of the conserved glutamate, E9O in
NtdC and E93 in AFR, hydrogen bonds with the niérogof the amide moiety on the
nicotinamide ring, as well as possibly forms a C-#D hydrogen bond with NC2 of the
nicotinamide ring. The lysine residue, K91 in Ntd@d K94 in AFR, may form a catiam-
interaction with the nicotinamide ring. Mutagersestudies in AFR have shown that a K94G
mutation does not lower that enzyme’s affinity fdADPH,*° supporting the observation made
by Kingstonet al. that this lysine might only be positioned to iatgrin this manner when the
nucleotide is in its reduced forfh. It does, however, increase the Michaelis consfant,5-
anhydrofructose and drastically lower the enzynagalgtic efficiency, indicating that it might
interact with the sugar substrate and/or the citalgsidues. Figure 1.17 shows how this lysine
in AFR is positioned close enough to hydrogen bwitl the first aspartate in the catalytic motif,
as well as an acetate molecule that may occupgubar binding site. The role of the conserved
proline, P92 in NtdC and P95 in AFR, is less cléat,the fact that the peptide bond between the
lysine and proline adopts @s-conformation suggests that it might be necessarfoitice the

second loop into the correct orientation for cafadtinding>®
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Figure 1.17: Structure of the CEKP and catalytic mdifs of AFR.*® The N-terminal and C-terminal Rossmann
folds are coloured cyan and magenta, respectigely,are linked by a singbehelix in green. NADP, H76, C92,
E93, K94, P95, D176, H180, and D183 are represageheir stick figures. Oxygen, nitrogen, andwsuitoms are
coloured bright red, dark blue, and yellow, respety, while phosphorous and carbon atoms of tifaator are
coloured orange and green, respectively. Imagergéed using’yMOL V0.99rc62®

The catalytic motif, DXXXHXXD, is conserved in NiJ AFR, and IDH, but not GFOR;
GFOR is proposed to possess a type of catalytid tgdween K129 (corresponding to K91 of
the CEKP motif in NtdC) and T217 (correspondindHtt80 in NtdC) where the lysine hydrogen
bonds to the tyrosine, lowering tyrosine’s 86 that it may better act as a general acid/base f
catalysis’® AFR and IDH are proposed to possess anotherdficdtalytic dyad where the first
aspartate residue, D176 in NtdC and AFR and D17IDhh forms a hydrogen bond with the
conserved histidine residue, H180 in NtdC and AR H176 in IDH, depressing histidine’s
pKa so that it may better act as a general acid/bapbysiological pH (Scheme 1.4). In AFR,
mutagenesis of D176 to alanine increased the Mishaenstant of 1,5-anhydrofructose by 6-
fold and decreased the turnover number by neadyf@@, which, oddly, is a greater decrease
than a H180A mutation of the primary catalytic des which had no effect on the binding of

1,5-anhydrofructose and only a 60-fold decreaséhénturnover number. Unfortunately, the
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effect of this mutation on the Michaelis constarft MADPH was not studied The
corresponding mutations in IDH had slightly diffetreesults. A D172N mutation increased the
Km of NAD" 14-fold, the K, of myo-inositol by 15-fold, and decreased the turnovenber by
31-fold. A H176A mutation increased the, &f NAD" four-fold, the K;, of myo-inositol by 26-
fold, and decreased the turnover number by 25Q0-&aldhat overall, the mutation of the primary
catalytic residue was more detrimental to the er@gractivity. The role of the second aspartate
residue, D183 in NtdC and AFR and D179 in IDH,asd defined, but it is probably involved in
substrate binding, as a D179N mutation in IDH resllin a five-fold increase in theKof
NAD" and a six-fold decrease in the, 6f myo-inositol, while increasing the turnover number
by only 26%:’

NAD(P)* NAD(P)H
-
| S
H,N j H,N
(@) H (@)

N
*i
J
ﬁ
R

|

H
R’ HR R’
T~ ¥

07/0'/ His oj/o‘ His

Asp" Asp"

Scheme 1.4: Proposed mechanism of NAD(P)AD(P)H-dependent oxidoreductases.
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1.5 Glycosylation reactions

Glycosylation reactions are vital to the cell, eyt are necessary for the formation of
highly branched sugars for energy storage, comgirxctural sugars found in the cell wall of
some bacteria, and for glycosylated proteins nacgder proper location of the protein and for
signaling interactions. The formation of a glyesibond requires energy. As a result, most
glycosylation reactions require an activated sugdhe form of a sugar nucleotide diphosphate.
Sugar 1l-phosphates are converted to NDP-sugardgspbladement of th@- and y-phosphate
groups to form inorganic pyrophosphate ;§PPThe rapid and highly energetically favourable
hydrolysis of PPby inorganic pyrophosphatase drives the equilibrfarward. The NDP group
of the newly formed NDP-sugar is a good leavingugrdor nucleophilic displacement,
promoting the glycosylation reaction, as well asvjdes a large surface area for protein-
substrate interactions. Glycosylation reactiona etso be carried out though the use of
glycosyltransferases, enzymes which derive theggneecessary to form a glycosidic bond by
hydrolyzing another glycosidic bond, such as isd¢ase with glycosyl-(4-6)-transferase which
transfers six- or seven-residue 1,4-linked glucasgsaccharides from one branch of glycogen

to form a new 1,6-linked branch of the glycogenic&

Glycosylation reactions are a staple of carbohgdchemistry. Fischer reported one of
the first reliable glycosylation reactions usingase dissolved in methanolic hydrogen chloride
to produce methydi-D-glucopyranoside. The reaction, however, was cusdmee, as it required
the heating of the reaction mixture in a sealee {@bFischer’s contemporaries, Koenigs and his
student Knorr, reported the synthesisBeflucose and mannose glycosides using the 1-bromo-
derivatives of peracetylated sugars as glycosylodomand silver salts as cataly3ts.Despite
being published at the turn of the last centurig Wenerable method is still in use todayas the
reaction is simple to perform and the starting miale are often easy to obtain. However, the
reaction usually suffers from low yields due to tgrolysis of the anomeric halogen, self-
coupling of the glycosyl donor, and formation o€ tbhrthoester between glycosyl donors that
possess a participating group at €2Many attempts have been made to improve thisgssc
most notably the substitution of mercuric s&lts mercuric cyanide instead of the expensive and

light-sensitive silver compounds used by Koenigs norr.
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Several other glycosylating agents have been dpedlosing the samey$ mechanism

employed by the Koenigs-Knorr method (Figure 1.18)These include orthoestets,

thioglycosides? thioimidates:® trichloroacetimidates$ (an evolution of older trichloroacetale

and imidate chemistr$), phosphate®’ 4-n-pentenyl glycoside®: and 1-hydroxy glycosidés,

as well as others (For reviews see Toshitra.®® and Demchenkd):
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Figure 1.18: Structures of several glycosylating amts.
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1.5.1 The challenge of stereochemistry with two aneeric centers

NTD’s most intriguing feature is itg,-linkage. Naturally occurring neotrehalose can

be found in hone$’ but in low enough quantities to make separatiah @urification from this

natural source impractical. This is disheartenaggthe reliable, stereospecific formation of 1,1’-

glycosidic bonds is very difficult. It is so troelsome that the production of trehalose analogues,

including 3,3'-trehalosadiamirf8, is accomplished through the careful protection and

deprotection of trehalose, which is easily obtaifreth a variety of sources.®°
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Lemieuxet al. reported the first synthesis of a naturally odogrrl,1’-linked sugar with
the synthesis of sucrose from Brigl's anhydride-Qacetyl-1,2-anhydra+-D-glucopyranose)
and 1,3,4,6-tetr®-acetyld-fructofuranose’ This synthesis was particularly challenging, as n
only did the linking of the anomeric centers of tdigparate sugars result in the possibility of
four stereoisomers, of which only one was desitaa, the glycosyl acceptor was also an
unreactive tertiary hydroxyl grouplheoretically, NTD should be less challenging tatkgsize
as it is composed of two identical kanosamine unitsence, thex,3- and 3,a-isomers are
equivocal, and only three diastereomers of theatose, neotrehalose, and isotrehalose forms are
possible. Additionally, the glycosyl donor is migra secondary alcohol and should be more
reactive. Further evidence for this is given bg thct that trehaloses were often produced as
self-condensation products in earlier attemptsatsynthesis of sucrode.However, this is not

to say that the synthesis of neotrehalose is trivia

Disregarding the yield of the glycosylation reanti there is still the challenge of
synthesizing and isolating the desired stereoison@ntrolling the stereochemistry of at least
one of the anomeric centers should be possiblés Widely reported that pyranoses possessing
an acyl group at C-2 predominantly form the ttgis-product. This is due to the intramolecular,
acyloxonium ion that is formed by these “participgt groups, restricting nucleophilic attack
from one side of the ring (Scheme 1'5).
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Scheme 1.5: Intramolecular, acyloxonium ion partighation and its effect on the anomeric configuratiorof a
glycosylation product.

Forming a 1,Zis-product is more challenging. Using an ether tgpeecting group at
C-2, a “non-participating” group, allows attackrrdoth sides of the ring. Scheme 1.6 displays
this process for a halageno-glucose molecule. Uhdwis acid catalyzed conditions, route D
and E are the major competing processes. Althdlughb-product formed by route E is usually
the thermodynamically favoured product due to thenaeric effect, route D is usually favoured,
as equatorial attack is usually less stericallylbined, and glycosylation reactions are usually not
reversible.

Increaseda-selectivity has been achieved under neutral cummdit by introducing
additional halide ions through the use of tetraaliynonium bromid€ or iodide’* In this case,
a rapid equilibrium is formed between theand-isomers of the glycosyl halide. This would
have little significance if the reaction proceedbdbugh an §1 mechanism, as the reactive
species would still be the central, unshielded,caroenium ion, but the increase in obseraed
selectivity for these reactions indicates that tkisiot the case. Later papers attribute this
phenomenon to any3 style reaction between tHgisomer of the glycosyl halide and the
incoming nucleophile in the absence of a Lewis gmioimoter, but Lemiewet al. originally
attributed this phenomenon to thgi Style reaction depicted in Scheme 1.6. Dhmsomer is

highly stabilized due to the anomeric effect, résglin a slow step B, while thB-isomer,
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although present in small quantities, experienaessurch stabilization and reacts much more

quickly through H™®
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Scheme 1.6: Mechanism of Koenigs-Knorr glycosylatits in the presence and absence of added halide ions
The competing routes D and E are in bold.

Unfortunately, controlling the stereochemistry tife glycosyl acceptor is more
challenging. Sugars possessing a free hydroxyligrat C-2 can easily anomerize under
glycosylating conditions in the presence of evetnage amount of water, making the use of
difficult to obtain anomerically pure sugars superfis. This actually appears to be beneficial in
the case of 2,3,4,6-tet@-acetylb-glucopyranoside, as tiffzanomer seems to react much more

readily than then-anomer, primarily yielding th@-configuration for the resulting glycosid®.
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Selectivity for the a-anomer appears to be obtainable by using 2,3e#&®-benzylb-
glucopyranoside as the glycosyl acceptor, as toskahnd neotrehalose, but not isotrehalose
were apparent after the coupling of this compoundh w2,3,4,6-tetra-O-benzyl-1-O-

(trichloroacetamidyl)p-glucopyranosé®

1.6  List of Objectives

The long term goal of this project is the complebecidation of the process by which
NTD is synthesized iB. subtilis, including the nature of the substrates, the reastcatalyzed
by each of the three enzymes, and the mechanismshiph these enzymes facilitate these
reactions and recognize their substrates. ThisgHecuses on what is predicted to be the first

enzyme in the pathway, NtdC. The objectives of thesis were:

) The individual subcloning of the three NTD biogyetic genes

) The expression and purification of NtdC

) The identification of the substrates of and thecti®n catalyzed by NtdC

° The derivation of kinetic constants for the reatcatalyzed by NtdC under the chosen
reaction conditions

° The determination of the kinetic mechanism dispthlgy NtdC under the chosen reaction
conditions

° The investigation of the importance of NtdC’'s pegedd catalytic residues, D176 and
H180

° The synthesis of kanosamine for the eventual stfidNtdA and NtdB

° The development of a methodology for synthesidid by synthesizing neotrehalose
° The synthesis of 34]-D-glucose for investigation of a kinetic isotopeeetf
° The synthesis of 3-deoxy-3-fluomglucose as an inhibitor
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Chapter 2: Results and Discussion

2.1  Subcloning ointdA, ntdB, and ntdC

The NTD operon was received as the pU@IEABC construct, in which the DNA
encoding the three synthetic genes had been cloeweeen thdecoRI andBamHI sites of the
pUC-18 vectof. In order to study the individual genes, it waseassary to subclone each of the

ntd genes separately.

The vector, pET-28b, was selected as the host vexgat possesses a number of features
that make it desirable for protein expression, nmasably the ability to control gene expression
using isopropyB-D-1-thiogalactopyranoside (IPTG), thanks to the @nes of the TIAc
promoter/operatof’ and the ability to introduce an N-terminal hexatline tag to the target
protein, providing a simple means of purificatioia wickle-chelatiof® The multiple cloning
site for pET-28b is displayed in figure Figure 2.The genes were subcloned betweenNtie
andBamH|I sites of the pET-28b vector, as tNdel site contains a start codon in its sequence,
minimizing the need for frame shifting and optimigithe length of the linker between the hexa-
histidine tag and the recombinant protein, and bees@BamHI site had already been introduced

at the terminus afitdC during the original cloning of thetdABC operon®
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T7 Promoter > lac Operator Xbal

AATTAATACGACT CACTATAGGGGAATTGT GAGCGGATAACAATTCCCCTCTAGAAATAA

rbs Ncol His-Tag

TTTTGTTTAACTTTAAGAAGGAGATATACCAT GGGCAGCAGCCATCATCATCATCATCAC

Ndel Nhel

Thrombin T7-Tag

AGCAGCGGECCT GGTGCCCCGCEECAGCCATAT GECTAGCAT GACT GGT GGACAGCAAGGT

Eagl
BamHI| EcoRl Sacl Sall Hindlll  Notl Xhol His-Tag

CGGGATCCGAAT TCGAGCT CCGT CGACAAGCT TGCGGECCGECACT CGAGCACCACCACCAC

CACCACT GAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCT GAGT TGECTGCTGCCACC

T7 Terminator

GCTGAGCAATAACTAGCATAACCCCT TGEEECCTCTAAACCGGTCTTGAGEEGT TTTTTG

Figure 2.1: The multiple cloning site of pET-28b.The start and stop codons are highlighted inrgessl red,
respectively.

Ligation-based cloning was chosen over PCR-baseding as our lab had more
experience with the technique. However, the gatt#, possessed an interriddlel site which
would have prevented the cloning of this gene. tufately, a silent T1152C mutation
(numbered according to timdA gene) could be made that would eliminateNidel site without
altering the primary structure of the gene produBrimersntdA-T1152C-Forward anahtdA-
T1152C-Reverse were designed and used for the RE€&Ibmutagenesis of the target nucleotide.
Figure 2.2 displaysldel restriction maps for pUC168tdABC both before and after the mutation.
Wild type pUC18atdABC should be cut twice, leaving two fragments, on2339 bp and one
of 3592 bp, while mutant pUC1&dABC-T1152C plasmids should be cut once, leaving a 5901
bp fragment. Removal of the offendiiNglel site was verified by performinbldel digests on
both pUC18rtdABC and pUC183itdABC-T1152C and visualizing their products on a 1%
agarose gel stained with ethydium bromide (Figugg.2
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Figure 2.2: Ndel restriction map of pUC18-ntdABC and pUC18ntdABC-T1152C. Figure generated using
NEBcutter V27°
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Figure 2.3: Ethydium bromide stained 1% agarose gedf an Ndel digest
of the T1152C mutant of pUC18atdABC. Lane 1: NEB 1 kbp DNA ladder.
Lane 2: Wild-type pUC18tdABC. Lane 3: pUC18tdABC-T1152C.
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PCR-based gene amplification was used to simultsigcamplify the desired genes
while introducingNdel and BamHI restriction sites at their 5’- and 3’-termingspectively. Due
to difficulties with yield, PCR products were naswalized, and hence not purified, using gel
electrophoresis. Instead, the parental DNA wagdeyl usingdpnl and the PCR products
purified using a QIAquick PCR Purification kit. iBrkit removed reaction buffers and reagents,
as well as any DNA fragments less than 50 bp, fepanly the desired PCR products in the
eluant. Gene fragments were produced by dige#tm@CR products witNdel andBamHI and
were then ligated into doubly digested pET-28b gdid DNA ligase.

The Bglll restriction maps for empty pET-28b and pET280H€ are depicted in
Figure 2.4. Empty pET-28b possesses only Bgld restriction site, resulting in a single 5368
bp fragment, while pET28htdC contains twoBglll sites, resulting in two fragments, one of
1142 bp and one of 5244 bp. A picture of an agages verifying a successful insertion of the

ntdC gene is shown in Figure 2.5.

The EcoRV restriction maps for empty pET-28b and pET284B are depicted in
Figure 2.6. Empty pET-28b possesses only ond&¥c¢estriction site, resulting in a single 5368
bp fragment as above, while pET28{B contains twdEcoRV sites, resulting in two fragments,
one of 2073 bp and one of 4121 bp. A picture ohgarose gel verifying a successful insertion

of thentdB gene is shown in Figure 2.7.

The Xmnl restriction maps for empty pET-28b and pET288A are depicted in
Figure 2.8. Empty pET-28b possesses Xnml restriction sites, resulting in two fragmentsegon
of 2033 bp and one of 3335 bp, while pET288A contains thre&Xmnl sites, resulting in three
fragments, one of 1480 bp, one of 2033 bp, andadrl46 bp. A picture of an agarose gel

verifying a successful insertion of th&lA gene is shown in Figure 2.9.
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Figure 2.4:Bglll restriction map of pET-28b and pET28b-ntdC. Figure generated using NEBcutter V2.
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Figure 2.5: Ethydium bromide stained 1%
agarose gel of @&glll digest of pET28b-ntdC.

Lane 1: Invitrogen 1 kb Plus DNA Ladder. Lane 2:
Empty pET-28b. Lane 3: pET28ieC.
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Figure 2.6: EcoRV restriction map of pET-28b and pET28bntdB. Figure generated using NEBcutter V2.
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Figure 2.7: Ethydium bromide stained
1% agarose gel of arEcoRV digest of
pET28b-ntdB. Lane 1. NEB 1 kbp DNA
ladder. Lane 2: pET28htdB.
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Figure 2.8: Xmnl restriction map of pET-28b and pET28bntdA. Figure generated using NEBcutter (2.
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Figure 2.9: Ethydium bromide stained 1% agarose gel
of an Xmnl digest of pET28bntdA. Lane 1: NEB 1 kbp
DNA ladder. Lane 2: Empty. Lane 3: pET28{oiA.
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DNA sequencing confirmed the successful subclooihgll three genes. However, the
sequences aftdB and ntdC both differed from those reported in tBe subtilis genome by a
single nucleotid& In the case ofitdB, the deletion of a thymidine nucleotide at positB®5
(numbered according to tmdB gene) would result in a truncated NtdB proteir282 instead
of 286 residues. FamtdC, the mutation of a guanidine nucleotide to an asenucleotide at
position 680 would result in a conservative R227Ktation in the NtdC protein. In order to
determine whether these discrepancies were thdt ifsaubcloning, sections of the pUC18-
ntdABC plasmid containing these points were sequencdge ré@sults showed that both of these
mutations were present in the plasmid received flapan. The assumption was made that these
two mutations were either artefacts of the origiBalsubtilis genome sequencing project or
mutations produced during the creation of the pUGHBBC plasmid. As it had been shown
that the proteins encoded by the pUGE@ABC plasmid were still capable of synthesizing NTD
in E. coli,® it was not necessary to mutate the subcloned geriiés time — in either case, a set

of functioning genes had been individually subctbeaccessfully.

ThentdC gene was also subcloned into pET-17b. This wag do that the gene product
could be expressed in its native form in case tietdyged fusion protein was not active or
proved difficult to crystallize. The vector, pET4, encodes a T7-tag. However, the start codon
for this tag is part of aNdel site, meaning any gene cloned into Muael site will be expressed
without a tag. AsitdC had already been cloned into thdel and BamHI sites of pET-28b, and
PET-17b possessesBamHI site downstream of itddel site, subcloning into pET-17b was
simply a matter of performing aNdel/BamHI digest on pET28mdC and ligating the gene
fragment into a likewise digested pET-17b. FigRrEO displayBglll restriction maps for pET-
17b and pET17itdC. Empty pET-17b should be cut once, leaving a 3g®éragment, while
pPET17bntdC plasmids should be cut twice, leaving two fragragpne of 1075 bp and one of
3225 bp. Figure 2.11 shows a picture of an agagebehich verifies the successful insertion of
thentdC gene.

37



pPET-17b pET17b-ntdC

Bz111 283
Bsl1I 364

\ / Bglll 1358

Figure 2.10:Bglll restriction map of pET-17b and pET17b-ntdC. Figure generated using NEBcutter V2.
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Figure 2.11: Ethydium bromide stained 1%
agarose gel of 8glll digest of pET17b-ntdC.
Lane 1: NEB 1 kbp DNA ladder. Lane 2: Empty
pPET-17b. Lane 3: pET17hkdC.
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2.2 Expression and purification of NtdC

In their demonstration of the exogenous productbiNTD in E. coli cells, Ochiet al.
showed that NtdA, NtdB, and NtdC were expressibl&iL21 (DE3) cells and that these genes
were not toxic to the cefl. As a preliminary experiment to determine whetther His-tagged
versions of these proteins would behave simildBly21 (DE3) cell cultures which had been
transformed with plasmids containing one of th&l genes were grown in kanamycin
supplemented Luria broth and induced with IPTG.teAthree hours, the gene products were
identifiable in the supernatants of the crude lgsthtes (Figure 2.12). Bands were identifiable at
50 kDa (NtdA), 33 kDa (NtdB), and 39 kDa (NtdC)pshng expression was good for all three
proteins. Attempts to express untagged NtdC in B(RE3) were unsuccessful. However,
changing cell lines to BL21 Gold® improved expressdramatically. Figure 2.13 shows an
acrylamide gel demonstrating the excellent expoassf untagged NtdC in BL21 Gold®.

1 2 3 45 6

82 kDa
64 kDa

49 kDa

37 kDa

26 kDa

Figure 2.12: Coomassie blue stained 4.5% acrylamidgel of the supernatants of crude cell lysates ofLl21
(DE3) cells transformed with various plasmids.Lane 1: Invitrogen Benchmark ladder. Lane 2: pEFa@IA.
Lane 3: pET28b#tdB. Lane 4: pET28mtdC. Lane 5: Induced pET-28b. Lane 6: Uninduced j2B¥b-
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Figure 2.13: Coomassie blue stained 4.5% acrylamidgel of the supernatants of crude cell lysates ofilB1
Gold® cells transformed with pET17bntdC at various times after induction. Lane 1: SigmaMarker Low Range
molecular marker. Lane 2: 0 hr. Lane 3: 3 hrnd.d: Over night. Lane 5: Uninduced overnightné.é: Induced
pPET-17b overnight.

As the assumed principle enzyme in the NTD pathviétgC was chosen as the first
protein for purification and kinetic analysis. sHagged NtdC was expressed in a manner
similar to IDH and purified by nickel affinity chmeatography using HiTrap Chelating HP
columns. When purified according to the manufaatarinstructions, NtdC started to precipitate
before if could be dialyzed into its storage buffé@upplementing all purification buffers with
20% glycerol stabilized the protein long enough itoto be dialyzed without precipitating.
Figure 2.14 shows an acrylamide gel of column d@kiaontaining purified NtdC. On average,

1.6 mg of purified NtdC was obtained from a 50 noiltwre.
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Figure 2.14: Coomassie blue stained 4.5% acrylamidgel of purified NtdC fractions. Lane 1. NEB protein
marker. Lane 2: Empty. Lanes 3-11: Eluant fraxdi®-9. Lane 12: Pure NtdC.

2.3  The assay of NtdC

The biosynthetic route to NTD proposed in Scheneirddicates that glucose should be
the simplest sugar substrate oxidized by NtdC. s Mms found to be the case, as a positive
increase in absorbance could be measured whensglweas reacted with NADN the presence
of NtdC under conditions identical to those presigwsed to assay IDBf. A pH-rate profile
(Figure 2.15) revealed that the pH optimum foralkelation of glucose was pH 9.0, with greater
activity in tris(hydroxymethyl)aminomethane titrdtevith hydrochloric acid (Tris-HCI) than in
2-amino-2-methyl-1-propanol titrated with HCI (AMICI). Assays at physiological pH were
not investigated, as pH 7 is well below the pH mptn for the enzyme. As well, high pH
optimums for the oxidation reactions of GFOR/IDH/®C family members are common, such
as is the case with IDH possessing a pH optimun® éér the oxidation ofmyo-inositol®*
Neither the addition of 1 mM MgS@or the addition of 1 mM ethylenediaminetetraacatid
(EDTA) had any discernible effect on the reactiater Addition of 10 mM 2-mercaptoethanol

did not increase the rate of the reaction.
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Figure 2.15: NtdC activity using glucose and
NAD" at varying pH. Conditions: 20 mM glucose,
1 mM NAD", 25°C, (#) 100 mM Tris-HCI, &) 100
mM AMP-HCI.

2.3.1 NtdC has no hydrolytic activity

NtdC possesses the characteristic active site DAXXD motif common to sugar
dehydrogenases, the GXGXXA and KHVXCEKPXA motifsraoon to the Rossmann-fold, and
only a low identity with the family 4 glycosidasés15%) (Figure 2.16), a family of NAD
dependent hydrolasé&&®® However, to rule out any possible glycosidaséviagt such as might
be the case if NtdC catalyzed the conversion of tgdieose to 3-oxo-glucose, NtdC was tested
with the two activated glycosidep;nitrophenylf-D-galactopyranoside angnitrophenylea-D-
galactopyranoside, under reducing conditions andhi presence of Mg and NAD, an
experiment similar to those previously repofted® Neither at pH 9.0, the pH optimum for
glucose oxidation, nor at pH 7.0, the pH optimumféomily 4 glycosidases, was any hydrolysis
observed. Therefore, it was assumed that NtdGCegesd no hydrolytic activity.
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Figure 2.16: Sequence alignment of NtdC with memberof glycosidase family 4. Sequence alignment generated
with Clustal W using the BlosuRt scoring matrixé? Opening gap penalty = 10; Extending gap penally0s; End
gap penalty = 10; Separation gap penalty = 0.8%gk generated using ESPrit vZ 2The abbreviations used,
references to the published sequences, and databeeksion humbers are as follows: NtdC, the perduct of

ntdC from B. subtilis;®> GIvA, maltose 6-phosphate hydrolaseBosubtilis (NCBI Reference Sequence:
NP_388699.1%° BgIT, cellobiose 6'-phosphate hydrolaseTbirmotoga maritima (SwissProt identifier:

Q9X108)# MalH, maltose 6-phospate hydrolasfé-usobacterium mortiferum (GeneBank ID: AAB63015.1%:

Agal, alpha-galactosidase Bf coli (SwissProt identifier: P067265.
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2.3.2 NtdC is an exclusively NALYNADH-dependent oxidoreductase

Experiments performed by Hongyan Zheng using glicas the sugar substrate
determined that NtdC is exclusively NAflependent. As discussed in the introduction, the
fingerprint region of NtdC's Rossmann fold posssessbaracteristics associated with both
NAD*/NADH- and NADP/NADPH-dependent oxidoreductases. However, asiored in the
results, NtdC is strictly NADNADH-dependent. As stated previously, an A13G atiah in
AFR afforded dual-cofactor specificity to the ensffwhile a S116D mutation accomplished
the same in GFOR. What was not mentioned was that these two muisjiwoduced different

results in the two enzymes.

In the case of AFR, in addition to conferring deabstrate specificity to AFR, the A13G
mutation also lowered the Michaelis constant forDNAd five-fold while doubling the turnover
number. In contrast to the results obtained fer3&16D mutation of GFOR, the S33D mutation
of AFR completely abolished activity. The A13G/8&B88ouble mutant, like the A13G mutant
was active with both NADH and NADPH, but the Michaeonstant and turnover number for
NADPH decreased by 50-fold and 64-fold, respecyivelhile the Michaelis constant and
turnover number for NADH remained basically uncheditj Therefore, in AFR, A13 appears to
function as an obstacle to NADH binding, even & tlost of some catalytic efficiency when
using NADPH, while the S33D functions to destakilexisting interactions with NADPH.

In GFOR, the A95G mutation had no discernable éffec substrate specificity or the
rate of catalysis, in contrast to the S116D mutatiwehich conferred dual substrate specificity.
The S116D mutation caused a roughly three-fold eeser in the turnover number for NADP
while introducing glucose dehydrogenase activityh® enzyme. This new activity was made
possible due to the weakening of the binding of NADNADPH to the active site, as wild-type
GFOR binds its cofactor so tightly that it cannasdciate under reaction conditions. As a
consequence, cofactor had to be added to the waawiixture in order to facilitate the reaction.
As with the A13G/S33D double mutant of AFR, no sgmic effect was observed for GFOR’s
A95G/S116D mutation. For this protein the A13G atioin does not appear to force a large
enough change in secondary structure to affecttibsbinding, while S116D appears to not
only destabilize NADENADPH binding, but also to stabilize NAINADH binding*
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It is possible to explain NtdC’s single cofactoesificity by assuming its A13 behaves
more like GFOR’s A95 than AFR’s Al13. If this isetltase, an A13G mutation would be
expected to have little effect on cofactor bindorgcatalysis. A D33S mutation should be far
more exciting, as it may confer dual cofactor sfi@ty or even reverse cofactor specificity,
since the resulting consensus sequence wouldrhillyic that of an NADPPNAHPH-dependent

oxidoreductase.

2.3.3 NtdC recognizes monosaccharides through intections at C-1, C-2, and C-3

Different sugar substrates were tested in ordeluoidate the binding requirements for
the sugar substrate. Figure 2.17 displays thogarsuhat showed activity when reacted with
NAD" in the presence of NtdC at pH 9 in Tris-HCI. ®é& tsugars in Figure 16, glucose 6-
phosphate (G6P), glucose, amdyo-inositol exhibited the most activity. At 100 mM
concentration and in the presence of 5 mM NABG6P proved to be the most active with an
initial rate of 15.3umol-min*-mg", followed by glucose at 7 fmol-min*-mg* andmyo-inositol

at 4.9pmol-min*-mg™.
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Figure 2.17: Sugars oxidized by NtdC.

Figure 2.18 displays those sugars that did not showity under the above conditions.
A special note must be made in the case of glutgs®osphate, as a 50 mM assay at pH 9.0 in
100 mM Tris-HCI buffer and in the presence of 1 KD " showed roughly 14% the activity of
a 50 mM G6P solution under the same conditionssedims likely that this activity is actually
just the result of a small amount of contaminat8@P in the glucose 1-phosphate stock, as a one
micromolar solution of G6P, representing 0.2% comtation, would exhibit the same amount
of activity. Both methyl-D-glucose and 2-deoxy-2-fluosmyllo-inositol were tested for
inhibitory activity with respect to glucose, withethyl-a-D-glucose inhibiting the reaction, but
with no effect from 2-deoxy-2-fluoreeyllo-inositol. Glucose 1-phosphate did not inhibit the
oxidation of G6P when an equimolar amount of batingounds was reacted with NAD the

presence of NtdC.
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Figure 2.18: Sugars not oxidized by NtdC.

A less extensive study was carried out on the sevegaction catalyzed by NtdC.

Figure

2.19 displays the structure of the three sugatedd®r activity, 3-oxo-glucosegyllo-inosose,

and gluconolactone. As NtdC and IDH exhibited BmpH optima for the forward reaction, it

seemed prudent to assume that the reverse reaetmuld also exhibit similar pH optima. As

such, assays for the reverse reaction were pertbah@H 7.0 in Tris-HCI buffer according to
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Ramaleyet al.2* A decrease in the concentration of NADH couldbserved when reacted with
either 3-oxo-glucose ascyllo-inosose, but no evidence of a redox reaction cbeldbserved

when gluconolactone was used.

OH OH
0 HQO o 0
0 HO o HO HO o
OH
3-0xo-glucose scyllo-Inosose Gluconolactone
Substrates Not a Substrate

Figure 2.19: Sugars tested for redox activity in th reverse reaction catalyzed by NtdC.

Inositols make good glucose analogues for studstiregstructural requirements of the
sugar substrate. The validity of the assumptian itnositol C-2 corresponds to glucose C-1, and
hence all of the assignments made herein are decisasupported by the fact thayo-inositol,
with an axial hydroxyl group at inositol C-2, issabstrate, whereas scyllo-inositol, which
possesses no axial hydroxyl groups, is not a satlstrThis indicates that an axial hydroxyl
group is critical for sugar binding, with the indaice that the position of the axial group is used
to properly index the sugar ring within the actsree. As glucose possesses no axial hydroxyl
groups except when in tleeconformation, inositol C-2 must correspond witbiggise C-1. 2-
Deoxy-2-fluoromyo-inositol was used as an analogue rigo-inositol as the axial fluorine is
capable of accepting a hydrogen bond, but is ifdaepaf donating one. The fact that NtdC
showed activity in the presence of 2-deoxy-2-fluoym-inositol implies that a hydrogen bond is
accepted by the axial hydroxyl grouprojo-inositol anda-D-glucose, and this hydrogen bond is
sufficient for the proper binding and orientatidrtloe sugar substrate within the active site. The
fact that 2-deoxy-2-fluorgeyllo-inositol was neither a substrate nor an inhibitother supports
this argument, as these results show that withbat axial group, 2-deoxy-2-fluorssyllo-

inositol could not bind to the active site of thezgme. This cannot be the consequence of a
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steric clash between the axial fluorine group andearby residue, as 2-deoxy-2,2-difluoro-
inositol, which possesses both an axial and eqaafarorine at inositol C-2, was a substrate. A
surprising result was that althougtyilo-inositol was not a substrate for the oxidationcties,
scyllo-inosose was a substrate for the reduction reactidbherefore, an equatorial hydrogen
bond acceptor is not necessary for the properiposigy of the sugar substrate for the reverse
reaction. Gluconolactone was not a substrate,ilgssue to a steric interaction between the
hydroxyl group of C-6 with the protein. In thissea the sugar molecule would need to be
rotated 120in the active site so that C-5 occupied the pasitiormally occupied by C-1.

The structural and sequence similarities of Ntdighwnembers of subfamily Ylof the
PLP-dependent aminotransferases strongly sugdesta\NtdA acts on a (d)TDP-sugar. This
would suggest that NtdC should also act on a (d}ySDgar. NtdC's requirement for an
configured sugar agrees with this theory. Unfoatety, neither TDP-glucose nor dTDP-glucose
were available for testing. However, after examgniNtdC’s ability to accept additional
functionalities at glucose C-1, it seems unlikehatt (d)TDP-glucose would be a substrate.
Methyl-a-D-glucose was shown to bind to NtdC, as it inl@bithe oxidation of glucose, but it
did not appear to be a substrate itself, indicativag it did not bind productively. The oxygen of
the axialO-methyl group must still have been able to form¢hgcial hydrogen bond necessary
for substrate recognition, but a steric interactivay have distorted the geometry of the binding.
Another argument is to assume that NtdC does, dt faind a (d)TDP-sugar, and that the
hydrophobic methyl group does not interact favorakith the residues which would normally

stabilize theg3-phosphate of the diphosphate linkage.

This second argument is countered by the observatiat neithera-D-glucose 1-
phosphate noa-D-glucose 1,6-bisphosphate are substrates for tietioa catalyzed by NtdC.
0-D-Glucose 1-phosphate was tested and found not Hibiinthe oxidation of glucose as
catalyzed by NtdC, indicating that-D-Glucose 1-phosphate, and by proxyp-glucose 1,6-
bisphosphate, did not bind, even non-productivelfts both these compounds mimic the
structure of the diphosphate linkage in a (d)TDBaswvhile possessing the same overall charge
characteristics, they would be expected to binthwigreater affinity than methgl-D-glucose if

an NDP-sugar were the natural substrate for thetiosa UDP-glucose, the substrate recognized
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by RifL, was not a substrate for NtdC, confirmidat these two enzymes do not catalyze the
same reaction, but this does not confirm that Nd@€s not recognize a (d)TDP-sugar; although
some NDP-sugar dehydrogenases are capable of ziatplihe reduction of both UDP- and
TDP-sugar$® RIifL, for example, strictly recognizes UDP-sugdrindicating that the two are
not necessarily equivocal. However, the inabildy NtdC to accommodate small, negatively
charged or neutral species at C-1, combined wighfélet that it cannot utilize UDP-glucose,
favours the assumption that NtdC does not act @h)MTP-sugar. There is a possibility that
NtdC catalyzes the oxidation of a previously asdethibeotrehalose, but this is unlikely given

the above and the lack of a reaction in the presehtrehalose.

Neither mannose nor allose, the C-2 and C-3 epirnérglucose respectively, were
substrates for the reaction catalyzed by NtdC. s Was expected for allose, as the equatorial
hydrogen at C-3 would be positioned incorrectly dbistraction by NAD, although allose was
not tested as an inhibitor so the possibility haimply cannot bind to the active site cannot be
ruled out. The lack of activity when mannose westdd indicates that the configuration at C-2
is vital for proper binding of the sugar substrafEhe configuration at C-4 is less critical, as
galactose did act as a substrate. In additiorgckgd may exist near the glucose ring oxygen;
both myo-inositol and Dehiro-inositol, with equatorial and axial hydroxyl graat inositol C-1,
respectively, are substrates, suggesting that taereno significant interactions between the

glucose ring oxygen and the protein.

The ability of various inositol compounds to actsastrates suggests that glucose C-6
and its associated hydroxyl group are not critfcalbinding. It is possible that the hydroxyl
group at inositol C-6 partially satisfies a hydrndsonding interaction formed by the hydroxyl
group at glucose C-6, explainimyo-inositol’'s roughly two thirds activity when comgesak to
glucose, but even this is not strictly necessasyydose, which lacks a hydroxyl group at xylose
C-5, also acted as a substrate. This lack of adatary binding requirement at glucose C-6 is
surprising given the vastly improved specificity ®6P over glucose (discussed later), but is in
agreement with the abilities of IDH and GFOR toeqtcxylose and AFR to accept xylosone as
substrated” 8 8 Therefore, the ability to accept some variatidnttés position may be a

common feature of the GFOR/IDH/MocA-C superfamily oxidoreductases. However,
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although NtdC readily accepts a small, negativeigrged phosphate group at glucose C-6; 4-
derivatives of inositol were not substrates, intiicathe presence of a smaller binding pocket
than reported for IDH! Testing NtdC’s affinity for different ®-derivatives of glucose will

better define the size and shape of this pocket.

Overall, the configurations of glucose C-1, C-2d &3 are the most vital for binding,
indicating that, as a minimum, the binding substrahould have a small, hydrogen bond
accepting group at C-1 and equatorial hydroxyl geoat C-2 and C-3. Whether these groups
need be hydrogen bond acceptors or donors cantéerdeed by synthesizing the corresponding
deoxyfluorosugars and testing them for substrdiditory activity. Determining NtdC's
affinity for substrates varying at glucose C-4, Cahd at the position occupied by the ring
oxygen will provide a better understanding of hawctal each of these positions is to sugar

recognition.

2.3.4 NtdC is a G6P dehydrogenase

Given the two fold increase in activity seen whewoving from glucose to G6P, the first
metabolite of glucose in glycolysis and the majmnf of glucose imported into tH& subtilis
cells due to the glucose-PTS uptake paththiageemed prudent to further investigate G6P as a
substrate. As G6P contains an ionic functionaligrthat may affect binding at different pH, a
new pH-rate profile needed to be constructed. feigu20 shows the pH rate profile for G6P; the
pH optimum has shifted from 9.0 with glucose to. 9Bue to the sudden drop in activity past
this point, further kinetic analysis utilizing G6#as performed at pH 9.2, where greater than
95% of activity was retained. The addition of salnetal ions, or reducing agents were not
investigated, as no discernable effect was obsemmesh using glucose, and GFOR/IDH/MocA

family members are not known to bind metal cofastor
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Figure 2.20: NtdC activity using G6P and NAD at
varying pH. Conditions: 2 mM glucose, 1 mM NAD
25°C, (¢) 100 mM Tris-HCI, g) 100 mM AMP-HCI.

The reactions using glucose and G6P at their ctispepH optima were compared in
more detail. For the reaction using glucose, ahitiates were measured at a constant
concentration of 1 mM NADand varying concentrations of glucose at the ptihapn for the
reaction. Leonord was used for the fitting of the initial rates tetMichaelis-Menten model
describing a single substrate reaction (EquatiofF&)ure 2.21§* Figure 2.22 shows the Hill
plot® for the same data. Although the slope of thedtéme is 0.94, a Hill exponent &f = 1
was used for determination of the kinetic constantis is because the ability to accurately
gage Whax"" (Which determines the mean when estimating thedd#fficient) was impacted do
to an inability to achieve saturating conditionsghicose. For the reaction using G6P, initial
rates were measured using the same conditionsr aguftose, only at the pH optimum for the
oxidation of G6P. Figure 2.23 shows a LineweaverkBrepresentatioi of this data, along
with a trend line representing the best fit of kiehaelis-Menten model to this data when a Hill
exponent oh = 1 was used (Equation 9). The data deviate tl@rmodel, as the data possess a
negative curvature which is indicative of negato®perativity. A Hill plot of this data (Figure
2.24) more clearly defines this trend, as the sioglels a Hill coefficient oh = 0.7. Figure 2.25
shows the same Lineweaver-Burk representation efdéita as above, only using a trend line

generated from the Michaelis-Menten equation usindjll coefficient ofh = 0.7 (Equation 9).
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This model agrees with the recorded data very wélle kinetic constants for the reactions are
summarized in Table 2.1. Glucose and G6P showlairurnover numbers suggesting that
either both substrates align optimally in the axsite for efficient catalysis or that the chenyistr

of the reaction is not rate determining. Howewgven NtdC's vastly improved specificity for

G6P ovemD-glucose, G6P was tentatively assigned as thealatugar substrate for NtdC.

1/Vo (umol™*min*mg)
(J

T / T T 1
-0.02  0.00 0.02 0.04 0.06

1/[Glucose] (mM™)

Figure 2.21: Double reciprocal plot of the initial
rate of the reaction catalyzed by NtdC versus the
concentration of glucose.Conditions: 1 mM NAD,
100 mM Tris-HCI, pH 9.0, 28C. The trend line
represents the results expected for a single substr
reaction which obeys Michaelis-Menten kinetics
where V.,2P = 5.2pmol-min*-mg* and K, = 360
mM.
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Figure 2.22: Hill plot for the reaction catalyzed ly
NtdC at varying concentrations of glucose.
Conditions: 1 mM NAD, 100 mM Tris-HCI, pH 9.0,
25°C. Vo™= 5.2pmol-min*-mg*. Slope = 0.94.
The trend line represents a linear, least-squasss b
fit of the data.
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Figure 2.23: Double reciprocal plot of the initial
rate of the reaction catalyzed by NtdC versus the
concentration of G6P with a trend line generated
usingh = 1. Conditions: 1 mM NAD, 100 mM
AMP-HCI, pH 9.2, 28C. The trend line represents
the results expected for a single substrate reactio
which obeys Michaelis-Menten kinetics where
Vmad™ = 5.2pmol-min*-mg* andS £°° = 0.146 mM.
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Figure 2.24: Hill plot for the reaction catalyzed ly
NtdC at varying concentrations of G6P.
Conditions: 1 mM NAD, 100 mM AMP-HCI, pH 9.2,
25°C. Vpal™=5.8pmol-min*-mg*. Slope = 0.7.
The trend line represents a linear, least-squasss b
fit of the data.

Figure 2.25: Double reciprocal plot of the initialrate of the reaction
catalyzed by NtdC versus the concentration of G6Pith a trend

line generated usingh = 0.7. Conditions: 1 mM NAD, 100 mM
AMP-HCI, pH 9.2, 28C. The trend line represents the results
expected for a single substrate reaction which sihdighaelis-Menten
kinetics and displays cooperativity wherg#*" = 5.8umol-min*-mg?,
S5 = 146uM, and modified using a Hill coefficient &f= 0.7.



Table 2.1: Apparent kinetic constants for the readbns catalyzed by NtdC for glucose and G6P a 1 mMAD™.
Conditions for Glucose: 100 mM Tris-HCI, pH 9.0,°85 Conditions for G6P: 100 mM AMP-HCI, pH 9.2,%%

Kinetic constant Substrate

Glucose G6P
Vinac 5.2 +0.2 umol-min™*-mg* 5.8 + 0.1 pmol-min™*-mg™
K 2P or Sp 5™ K, = 360 + 30 mM S5 = 0.146 + 0.009 mM
h 0.93+0.02 0.72 +0.06
Keat™" 3.6+02s" 40+0.1s™
Specificity Constant | 10 +1 s™-M™ (2.7+0.2) x 10* s*-M™*

2.3.4.1 The true kinetic constants for NtdC

In order to determine the true kinetic constantstf@ oxidation of G6P by NADas
catalyzed by NtdC, the initial rates in the abseat@roducts or inhibitors were measured at
varying concentrations of both NARnd G6P. Figure 2.26 and Figure 2.27 depictpiits for
NAD" and G6P, respectively. As above, the binding ADN shows no cooperativity with an
average Hill coefficient oh = 0.96 + 0.09. Likewise, the binding of G6P shate same
negative cooperativity as above with an averagé dagfficient ofh = 0.69 + 0.04 across all
concentrations of NAD  Fitting the Michaelis-Menten model for a ternacpmplex
mechanisit with NAD" as the first substrate and G6P as the negativ@pearative second
substrate (Equation 11) resulted in the kinetic stmms summarized in Table 2.2. Hill
coefficients ofhnapy = 1 and hgepy= 0.7 were used. Figure 2.28 and Figure 2.29ajsihe
Lineweaver-Burk plots when the reciprocal of th@a@ntrations of NAD and G6P are plotted

along the abscissa, respectively.
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Figure 2.26: Hill plot for the reaction catalyzed ly
NtdC at varying concentrations of NAD" and fixed
concentrations of G6P. Conditions: 100 mM
AMP-HCI, pH 9.2, 28C, (#) 2.0 mM G6P (slope =
0.87), @) 0.20 mM G6P (slope = 0.96)A() 0.10

mM G6P (slope = 1.00)#{ 0.060 mM G6P (slope =
1.02), (+) 0.030 mM G6P (slope = 0.94),.y=5.7
pmol-mint-mg!. $°°=13 + 1uM. The trend
lines represent linear, least-squares best-fitheof
data.

Table 2.2: Kinetic constants for the oxidation of GP by

NAD" as catalyzed by NtdC in the absence of inhibitorsr

products. Conditions: 100 mM AMP-HCI, pH 9.2, 286,

hnaoy = 1, hgepy= 0.7.

V max 5.7 + 0.1 ymol-min™-mg™
Km(naD) 9+3uM

Soscer) 13+1 pM

Kinap) 370 £ 20 uM

hoao 0.96 + 0.09

hier) 0.69 + 0.04

Keat 39+015s™

Keat/ Kn(nab) (4+1)x10°sM*
Keat/So.s6p) (3.0+0.2) x 10° s™-M™*
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Figure 2.27: Hill plot for the reaction catalyzed ly
NtdC at varying concentrations of G6P and fixed
concentrations of NAD. Conditions: 100 mM
AMP-HCI, pH 9.2, 25C, (#) 1.0 mM NAD" (slope =
0.70), @) 0.20 mM NAD' (slope = 0.69),4) 0.10
mM NAD" (slope = 0.63),4) 0.060 mM NAD
(slope = 0.71), (+) 0.030 mM NADslope = 0.65).
Vimax = 5.7pmol-mir*-mg*. Kynap) = 9 £ 3uM.

The trend lines represent linear, least-squaresfites
of the data.
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Figure 2.28: Double reciprocal plot of initial rate Figure 2.29: Double reciprocal plot of initial rate
of the reaction catalyzed by NtdC versus the of the reaction catalyzed by NtdC versus the
concentration of NAD" at fixed concentrations of concentration of G6P at fixed concentrations of
G6P. Conditions: 100 mM AMP-HCI, pH 9.2, 2&, NAD*. Conditions: 100 mM AMP-HCI, pH 9.2, 25
() 2000pM G6P, @) 200puM G6P, (A) 100uM °C, (#) 1000uM NAD™, (m) 200uM NAD®, (A) 100
G6P, @) 60 UM G6P, (+) 30uM G6P. The trend UM NAD", (e) 60uM NAD™, (+) 30uM NAD". The
lines represent the results expected for a two trend lines represent the results expected foroa tw
substrate reaction which obeys a ternary-complex substrate reaction which obeys a ternary-complex
mechanism and displays cooperativity for the second  mechanism and displays cooperativity for the second
substrate where My = 5.7pumol-min*-mg", substrate where My = 5.7pumol-min*-mg*,
Soser; T = 13 £ 1M, Kinap) = 9 + 3pM, Kinap) Soser; T = 13 £ 1M, Kinap) = 9 + 3pM, Kinap)
=370+ quM, andh(Gﬁp): 0.7. =370+ quM, andh(Gﬁp): 0.7.

The initial activity assays performed using 100 radhcentrations of G6P and glucose
found an initial rate for the oxidation of G6P thva&s roughly twice that of the oxidation of
glucose, but kinetic analysis of the two reactiahgheir respective pH optima showed that they
possessed similar apparent rates. The earlierlt résuexplained by the difference in
concentration of substrates required to reach 50%eomaximal velocity, given byg ™" for
G6P and I for glucose. G6P, has a sub-millimolays3", and as such, was at a saturating
concentration in the initial test. Glucose, howevas a K*° of 360 + 30 mM, indicating that
glucose was well below saturating conditions initfigal test. It should be noted that the error
in estimating VhaeP and K,?*P for glucose should be higher than that calculatatistically by
the fitting program, as saturating conditions foe teaction could not be reached. The highest

concentration tested was merely 0.5 M, which iddas than the approximately 3.6 M required
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in order to reach saturating conditions of }0K Although this concentration is physically

possible, as the solubility of glucose in wateR&fC is 5 M, at higher glucose concentrations
the physical properties of the reaction solutioaradde, disturbing the reaction. Nevertheless,
even a large error in estimating," and K,**" for glucose is of little consequence, as the
apparent specificity constant for G6P is 2,700-fyidater than that for glucose.

As no other sugars were found to be as specifiGéR, G6P was assumed to be the
natural substrate for NtdC. This assumption ighkr supported by analyzing the kinetic
constants reported for other members of the GFORMDcA-C superfamily of
oxidoreductases (Table 2.3). Although the turnawember for the oxidation of G6P when
catalyzed by NtdC is two orders of magnitude lotem that for the natural substrates of IDH
and AFR, NtdC’s specificity constant for G6P istbé same order of magnitude as IDH and
AFR’s for their natural substrates. This is dughe remarkably lows s value for G6P. This
value is comparable to the Michaelis constant f&DN, which is surprising, as members of the
GFOR/IDH/MocA-C superfamily of oxidoreductases ténchave a far greater affinity for their
adenine dinucleotide cofactor than for their sugabstraté® ** ® These comparisons validate
the assumption that G6P is the natural sugar aatbgtr NtdC.
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Table 2.3: The Kinetic constants of IDH:’ AFR,* and NtdC, members of the GFOR/IDH/MocA-C superfamiy of

oxidoreductases.*The values for AFR are reported for the reductidri,5-anhydras-fructose as opposed to the oxidation of 1,5-

anhydrob-mannitol. These values are also reported as eppkinetic constants using a fixed concentratibNADPH.

IDH Km(myo-Inositol =18+2mM Kecat =310+40s™ Kea!Km =(1.7+£0.3) x 10° s™-M*
AFR* Km(l 5-Anhvdrofructose)app =6.4+0.01 mM kcatapp =145+13 S_l kcatapp/Kmapp = (23 + 02) X 105 S_l'M_l
NtdC | Sosiesn =13:1 yM ket =39£0.05" | kealSos  =(3.0£0.2)x10°sM"
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2.3.5 G6P binds to NtdC with negative cooperativity

The decision to treat G6P binding as a negatigebperative event was not made lightly,
but a negatively cooperative event best describepatterns observed for the oxidation of G6P.
Most NAD(P)/NAD(P)H-dependent oxidoreductases follow a sedakyordered mechanism
where the oxidized nicotinamide adenine dinucleotabfactor binds first, followed by the
reduced substrate. Following the redox reactiba,axidized substrate is released, followed by
the reduced cofactor (Figure 2.38). It is theoretically possible for G6P to functi@s a
substrate inhibitor; the hydride group transfertedNADH (substrate Q) is small and G6P
(substrate B) may be able to bind to the EQ commeiorm the non-productive EQB complex.
As such, the Michaelis-Menten model describingraagy complex mechanism, including the
term for substrate inhibition by G6P (Equation 1&as fitted to the data presented in Figure
2.29. However, the resulting fit was poor, as Laral! returned a negative substrate inhibition

constant for G6P.

As the negative cooperativity was observed acrdistha experiments using G6P and
wild-type NtdC, it can be assured that it is notatefact of any particular experiment. Negative
cooperativity was also observed for different pirofgreparations, lessening the probability that
the protein used was a mixture of fully active grattially damaged or otherwise impaired
proteins, which would mimic negative cooperativitiien used in kinetics experimentsAs the
negative cooperativity was only observed for GéMauld have to be assumed that any damage
was solely localized to the C-terminal domain of #tnzyme. Enzymes can display different
levels of cooperativity with different substratesach as demonstrated by GFOR binding glucose
non-cooperatively while binding xylose with a posit cooperativity ofh = 2% which may
explain why glucose does not appear to bind cooipety; interactions with the &-phosphate
group of G6P may induce conformational changesateaffecting related active sites’ affinities
for G6P. It is interesting that the H180N mutaeéms to abolish this negative cooperativity.
Clearly, the binding of G6P is a complicated evéms, understanding of which would be greatly
improved if a crystal structure of the holo- andeqmrymes were available, but the current

evidence all points to a negatively cooperativenéve
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Figure 2.30: The kinetic mechanism of a sequentigfordered, bireactant system.

2.3.6 NtdC likely obeys a ternary complex mechanism

Having determined that G6P was the natural sudastsate for NtdC, it was decided that
the kinetic mechanism for the reaction should beestigated. First, an experiment was
performed in which the concentration of NADQvas varied in the presence of different
concentrations of its reduced form, NADH. A Hilbpdemonstrates that the binding of NAD
is not cooperative, as the average slope for thetimm rounds tdh = 1 (Figure 2.31). The
Michaelis-Menten model including the term for coriipee inhibition (Equation 14f matches
well with the Lineweaver-Burk plot of the data (&g 2.32). Inclusion of the term for
uncompetitive inhibition (Equation 16) did not inope the quality of the fit. The same
experiment was performed again, only varying theceatration of G6P instead of NAD The
Hill plot of the data reveals an average slopeaefghly h = 0.7, agreeing with the data from
above (Figure 2.33). The Michaelis-Menten modeluding the term for competitive inhibition
agrees with the plotted data when the negative eratipity of G6P is taken into account
(Equation 17) (Figure 2.34). As above, inclusidntlee term for uncompetitive inhibition
(Equation 19) did not improve the quality of thie fA summary of the apparent kinetic constants

extracted from these two experiments is presemtd@ble 2.4.
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Figure 2.31: Hill plot for the reaction catalyzed
by NtdC at varying concentrations of NAD™ and
fixed concentrations of NADH. Conditions: 2 mM
G6P, 100 mM AMP-HCI, pH 9.2, 2&, (¢) OuM
NADH (slope = 0.95),%) 15uM NADH (slope =
1.00), (A) 30uM NADH (slope = 0.89),¢) 50uM
NADH (slope = 0.97).

Vmad™ = 5.36umol-min*-mg™.
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Figure 2.32: Double reciprocal plot of initial rate

of the reaction catalyzed by NtdC versus the
concentration of NAD" at fixed concentrations of
NADH. Conditions: 2 mM G6P, 100 mM AMP-HCI,
pH 9.2, 25°C, (¢) OuM NADH, (m) 15uM NADH,
(A) 30uM NADH, (e) 50uM NADH. Trend line
generated using the Michaelis-Menten equation
describing competitive inhibition with \4,2°° = 5.36
pmol-mint-mg?, K= 24uM, K;; = 5.9uM, and
h=0.1.
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Figure 2.33: Hill plot for the reaction catalyzed
by NtdC at varying concentrations of G6P and
fixed concentrations of NADH. Conditions: 200
UM NAD®, 100 mM AMP-HCI, pH 9.2, 2%C, () 0
UM NADH (slope = 0.72),%) 4 uM NADH (slope =
0.72), (A) 8 uM NADH (slope =0.72),¢) 16 uM

NADH (slope = 0.72). V2™ = 6.0umol-min*-mg™.
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Figure 2.34: Double reciprocal plot of the initial
rate of the reaction catalyzed by NtdC versus the
concentration of G6P at fixed concentrations of
NADH. Conditions: 20uM NAD", 100 mM
AMP-HCI, pH 9.2, 25C, (¢) 0 uM NADH, (m) 4 uM
NADH, (A) 8 uM NADH, () 16 uM NADH.
Vmad® = 6.0pmol-min*-mg*. Trend line generated
using the Michaelis-Menten equation describing
competitive inhibition with V,,,2° = 6.0umol-min
Lmg!, = 47puM, K. = 6.7uM, andh = 0.7.

Table 2.4: Apparent kinetic constants for the NADHdependent inhibition of the oxidation of
G6P by NAD" as catalyzed by NtdC.Conditions: 100 mM AMP-HCI, pH 9.2, 26. For NAD',

the concentration of G6P was fixed at 2 mM. FoP@&Be concentration of NADwvas fixed at 0.2
mM. Hill factors ofhywapy = 1 andhger) = 0.7 were used.

Kinetic constant Varied Substrate
NAD" G6P
Ve 5.36 +0.06 pmol-min*-mg" | 6.0 + 0.2 pmol-min*-mg™
K™ or Sqs™° Ko™ =24+1puM Sos™™ = 47 + 4 pM
h 0.96 +£0.02 0.71 +£0.02
Kicuanm™™" 5.9 +0.2 pM 6.7 +0.4 uM
Keat™ 3.70+0.04s™ 41+015s"
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Determining the kinetic mechanism followed by Ntd@s somewhat inconclusive.
Cook and Cleland’s book on enzyme kinetics givéisomough listing of the product inhibition
patterns possible for all of the bireactant mectrast® Based on the fact that NADH was found
to be a competitive inhibitor with respect to b&WAD™ and G6P, it would appear that NtdC
must follow an equilibrium ordered mechanism. Hwere the Michaelis-Menten model
describing an equilibrium ordered mechanism (Equati3) did not fit the data in Figure 2.29 as
well as that describing a ternary complex mechanisther with or without use of the Hill
coefficient.

Ternary complex mechanisms should produce a pattenereby NADH binds
competitively with respect to NADand non-competitively with respect to G6P. Thipirely a
mathematical treatment and overlooks one possilthat could explain why a non-competitive
inhibition pattern was not observed for NADH witspect to G6P. It is possible that the barrier
to G6P binding with the enzyme:NADH complex is high that the EQB complex cannot form
at all, leading to a K for NADH with respect to G6P much higher than tmaximum
concentration of NADH tested. Hence, an uncomipetiterm could not be detected. Cornish-
Bowden acknowledges this possibility in his diseusf the ternary-complex mechanism, but
only states the inhibition pattern expected for twhauld be the reduction of 3-ox@-glucose 6-
phosphate by NADPH and not the oxidation of G6PNAD*.°* Unfortunately, a practical
consideration prevents the use of much higher curet®ons of NADH, as the level of activity
quickly falls below the sensitivity of the specthmpometer. This explanation agrees well with
the fact that no substrate inhibition was obserfe@dG6P, as G6P would have to inhibit the
reaction through the formation of the EQB dead-evmiplex.

Validating the assumption that NtdC obeys a tentamyplex mechanism and
differentiating between a steady-state ordered artheorell-Chance mechanism will require
testing all of the substrates and products forrthespective inhibition patterns for both the
forward and reverse reactions catalyzed by Ntd@wéVer, although NAD NADH, and G6P
are readily available, a reliable method of synttieg and purifying 3-ox@m-glucose 6-
phosphate has yet to be developed by our lab. | Brtixo-D-glucose 6-phosphate can be

obtained, there will always be the possibility tiNtdC obeys a different kinetic mechanism.
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However, as the majority of NAD(FNAD(P)H-dependent oxidoreductases obey a ternary
complex mechanistt,it is reasonable to assume that NtdC does as well.

2.4  Mutagenesis ohtdC

Insight into the chemical mechanism of NtdC can da@ned through mutagenesis
experiments. Sequence alignments with other sugfaydrogenases indicated the presence of a
conserved pair of residues, H180 and D176, whicteweedicted to form a catalytic dyad. The
aspartate residue was replaced with an asparagandue using the QuikChange Site-Directed
Mutagenesis Kit and the primentdC-D172N-Forward anaitdC-D176N-Reverse. In addition
to encoding the D176N mutation, these primers eedadsilent guanidine to adenine mutation
at position 526 of thettdC gene, creating 8amHI restriction site. Figure 2.35 displays
EcoRV/BamH]I restriction maps for wild type pET28#dC and mutant pET28htdC-D172N.
Wild type pET28brtdC should be cut twice, leaving 2392 bp and 3994 ragrhents, while
mutant plasmids should be cut three times, leathnge fragments, one of 540 bp, one of 1852
bp, and one of 3994 bp. Figure 2.36 shows a @attian ethydium bromide stained agarose gel
depicting the successful mutation of titdC gene; the 540 bp fragment was very faint and could
not be captured by the camera. DNA sequencingegrdlvat the mutanitdC gene was free of
any PCR errors. Mutants of the histidine residd80A, H180Y, and H180N, were constructed
by Grey Wilkinson.
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pET28b-ntdC pET28b-ntdC-D176N

BarHI 198 BamHI 198
BamHI 738

EcoRY 2590 EcoRy 2590

Figure 2.35: EcoRV/BamHI restriction map of pET28b-ntdC and pET28bntdC-D176N. Figure generated
using NEBcutter VZ?

4000 bp
3000 bp

2000 bp
1650 bp

1000 bp
850 bp

650 bp ;
500 bp
400 bp

Figure 2.36: Ethydium bromide stained 1%
agarose gel of arecoRV/BamHI double-digest
of pET28b-ntdC-D176N. Lane 1: Invitrogen 1
kbp Plus DNA ladder. Lane 2: pET28bdC. Lane
3: pET28bntdC-D176N.
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2.4.1 Disruption of NtdC’s proposed catalytic dyachas a large, negative effect

Mutant enzymes were purified in the same mannewiistype NtdC and assayed for
activity at 1 mM NAD and 2 mM G6P in 100 mM pH 9.2 AMP-HCI buffer. tiaily, the
D176N mutant assayed with an initial rate 1% tHatitd type NtdC. However, two subsequent
batches of enzyme showed no activity under the sanditions. It was assumed that the first
batch of enzyme was contaminated with wild type QNtdWith respect to the H180 mutants,
H180Y displayed no activity, while H180A displayeaughly 0.1% the activity of wild type
NtdC, close to the detection limit of the machin¢l80N assayed surprisingly active at roughly
0.5% the activity of wild type NtdC. Figure 2.3Rosvs the pH-rate profile for this mutant.
Overall, Figure 2.37 shows a sharper profile thegufe 2.20 with a slightly lower pH optimum
of pH 9.3. As with wild type enzyme, the rate @fctease at higher pH is greater than at lower
pH, so further assays were performed at pH 9.2st,Rhe change inyg for G6P, which relates
to the Michaelis constant, as both relate to thecentration of the substrate at one half.y
was investigated. Figure 2.38 displays the Hibit por the binding of G6P to the HL80N mutant
of NtdC in the presence of 4 mM NAD For this mutant, G6P shows no cooperativityguFeé
2.39 shows the Lineweaver-Burk replot of this dating the apparent kinetic constants
summarized in Table 2.5. Figure 2.40 displays Hiie plot for the binding of NAD to the
H180N mutant of NtdC in the presence of 150 mM G6&s expected, no cooperativity is
observed. Figure 2.41 shows the Lineweaver-Buploteof this data using the apparent kinetic

constants summarized in Table 2.5.
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Figure 2.37: Activity of the H180N mutant of
NtdC at varying pH using G6P and NAD.
Conditions: 10 mM G6P, 5 mM NAD25°C, (#)
100 mM Tris-HCI, &) 100 mM AMP-HCI.
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Figure 2.38: Hill plot for the reaction catalyzed ly
the H180N mutant of NtdC at varying
concentrations of G6P. Conditions: 4 mM NAD,
100 mM AMP-HCI, pH 9.2, 28C. V4™ =0.30
pmol-mint-mg*. Slope = 1.01. The trend line
represents a linear, least-squares best-fit of .
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Figure 2.39: Double reciprocal plot of the initial

rate of the reaction catalyzed by the H180N

mutant of NtdC versus the concentration of G6P.
Conditions: 4 mM NAD, 100 mM AMP-HCI, pH 9.2,
25°C. The trend line represents the results expected
for a single substrate reaction which obeys Midkael
Menten kinetics where },2""= 0.30pmol-min*-mg
Land K.2P=12.8 mM.
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Figure 2.41: Double reciprocal plot of the initial

rate of the reaction catalyzed by the H180N

mutant of NtdC versus the concentration of NAD.
Conditions: 150 mM G6P, 100 mM AMP-HCI, pH
9.2, 25°C. The trend line represents the results
expected for a single substrate reaction which bey
Michaelis-Menten kinetics where,\(2*° = 0.292
pmol-min*-mg* and K,2*° = 0.39 mM.

Figure 2.40: Hill plot for the reaction catalyzed ly
the H180N mutant of NtdC at varying
concentrations of NAD'. Conditions: 150 mM G6P,
100 mM AMP-HCI, pH 9.2, 28C. Vya™?=0.292
pmol-mint-mg*. Slope = 1.04. The trend line
represents a linear, least-squares best-fit ofite.

Table 2.5: Apparent kinetic constants for the oxidéion of G6P by NAD" as catalyzed by the
H180N mutant of NtdC. Conditions: 100 mM AMP-HCI, pH 9.2, 2&. For NAD', the
concentration of G6P was fixed at 150 mM. For GBRB,concentration of NADwas fixed at 4 mM.
Hill factors ofhnapy = 1 andhgery = 1 were used.

Kinetic constant Varied Substrate
NAD" G6P
Ve 0.292 + 0.009 pmol-min*-mg™ | 0.30 +0.01 umol-min*-mg*
KPP 0.39 £ 0.03 mM 12.8 £ 0.7 mM
h 1.04 £0.05 1.01 £0.02
Keat™ 0.201 +0.006 s 0.20+0.01s™
Keat™PIK P 500 +40 s™-M* 16+1s'm*

NtdC appears to be more sensitive to manipulatibits Asp-His, catalytic dyad than
either AFR or IDH. The conservative mutation of I21to asparagine in IDH produced an
enzyme with 1/39 the activity of the wild type enzyme. Along withis decrease in activity
came similar increases in the Michaelis constantstfe sugar substrate and the dinucleotide
(Table 2.6). The less conservative D176A mutatdb®FR had a more pronounced effect on
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that enzyme’s activity, with roughly a 110-fold dease in the turnover number when compared
to the wild type enzyme. Surprisingly, the mutatio alanine, which does not preserve either
the steric or hydrogen bonding characteristics sfagate like asparagine does, resulted in a
smaller decrease of the binding constant for tigaissubstrate. As a result, despite the much
larger decrease in the turnover number for AFR uerdH, the sugar substrate specificity
constant for AFR is impacted much less than thatdid. Unfortunately, as no activity could
be detected for the D176N mutant of NtdC, Michaa&mstants could not be compared.

However, the lack of activity alone shows that Di¥6ritical to catalysis in NtdC.

Table 2.6: The effect of mutations to the Asp-Hisatalytic dyads of NtdC, AFR and IDH.*" *The values for
AFR are reported for the reduction of 1,5-anhydsfructose as opposed to the oxidation of 1,5-andvpdmannitol.
These values are also reported as apparent kowigtants using a fixed concentration of NADPH. ADNot
Determined. BDL = Below Detection Limit.

NtdC AFR IDH

D176N D176A D172N

Km(GGP)app ND Km(l,5-anhydrofructose)app T 6-fold Km(inositol) T 15-fold
Kingaop) ND Kmnaopry ND Kmnab) 1 14-fold
Keat™ BDL Keat™™® J 112-fold | Kea | 30-fold
kcatapp/Km(GGP)app ND kcatapp/Km(l,5-anhydrofructose)app i 870-fold kc.’:\t”(m(inositol) i 1444-fold
H180A H180A H176A

Km(GGP)app ND Km(l,5-anhydrofructose)app T 1.4-fold Km(inositol) T 27-fold
Kinnaop) ™" ND Kmnaopry ND Kmnab) 1 4-fold
Keat™ 1 1000-fold | Kea™®® 1 39-fold | Keat | 250-fold
kcatapp/Km(GGP)app ND kcatapp/Km(1,5—anhydrofructose)app l 54-fold I(ca\t/Km(inositol) l 6500-fold
H180N

Kinsr) ™" 1 985-fold

Km(NADP)app ) 43-fold

Koo | 19-fold

Kmcsp) - IKeat > | 18,750-fold

H180Y

Kingep) ND

Kinnaop) " ND

Ko™ BDL

kcatapp/ Km( GGP)app ND
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In the case of the histidine residue, the non-ensaive mutation of H176 to alanine in
IDH resulted in a 250-fold lowering of the turnovasmber when compared to wild type IDH.
As expected for a residue that directly contacessihgar substrate but not the dinucleotide, the
Michaelis constant for the sugar substrate was nioravily affected than that for the
dinucleotide. Overall, the specificity constantswdecreased four orders of magnitude. The
correlating mutation in AFR had a far less pronadheffect. The turnover number only
decreased 39-fold. In addition, the effect onMhehaelis constant for the sugar substrate was
minimal, leading to a decrease in the specifictigstant of only 54-fold. It is interesting to note
that mutation of the aspartate residue is actuatye detrimental to catalysis in AFR than

mutation of the catalytic base, histidine.

For NtdC, the H180A mutant assayed with only adramount of activity. The low
activity of wild type NtdC makes the assaying dajrsficantly impaired mutants difficult, so
proper kinetic constants for the H180A mutant weod determined. However, the H180N
mutant was measurably active. As seen with the6Almutant of IDH, the Michaelis constant
of the sugar substrate was affected more strohgly that of the dinucleotide. The magnitude is
what differs, with the mutation in NtdC having a-t&®es greater effect than in IDH (and 700
times greater than for AFR). Surprisingly, theeraf catalysis is affected far less than in either
IDH or AFR. This is counterintuitive, as the asggine mutation was predicted to drastically
decrease the rate of catalysis, while only mar@yindécreasing affinity for the sugar substrate.
Asparagine is able to act as both a hydrogen bomdrdand acceptor like histidine, preserving
any hydrogen bonding interactions that histiding/ nmmake with the sugar substrate, and is less
bulky than histidine, minimizing the possibility oftroducing any steric clashes, but normally
lacks the ability to act as a base due to the plghand low pks of its side chain amide group.

It could be that the asparagine is coordinatingagewmolecule that is able to act as a base, but a
crystal structure of the holoenzyme with both tbé&actor and the sugar substrate bound would
be necessary before this could be said for cerféire specificity constant for the H180N mutant
was lowered by five orders of magnitude, a lardgrce than even for the H176 mutant of IDH.
This indicates that even though the H180N mutantNadC may still be relatively active
compared to wild type NtdC, H180 of NtdC is stilbra sensitive to manipulation than either
H180 in AFR or H176 in IDH.
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As mentioned in the introduction, GFOR is theorized possess a catalytic dyad
composed of K129 and T217, corresponding to K91 [h80 in NtdC. In order to test this
hypothesis, the H180Y mutant of NtdC was constdictBlo activity could be detected for this
mutant. Unfortunately, this does not disprovetalgic dyad between K129 and T217 in GFOR,
as the argument can be made that the increasedbitlilk tyrosine side chain interferes with the
binding of the substrates. A moderately activeanythowever, would have strongly supported
this hypothesis.

2.4.2 NtdC can accommodate K227 and R227 equally lve

In addition, lysine 227 was mutated to the arginivi@ich was encoded by the ntdC
sequence published as part of Basubtilis genome® PrimersntdC-K227R-Forward anaitdC-
K227R-Reverse were used to effect this mutatiomfoldunately, this mutation did not alter the
restriction map of the pET28MdC plasmid, and no convenient site for a silent maomathat
would introduce or remove a restriction site cobtllocated. As a result, restriction digests
could not be used to identify mutant plasmids. tdad, DNA sequencing was used to confirm
the identity of successful pET281dC-K227R mutants. An initial rate experiment coulot n
detect a significant change in activity betweerdwjlpe NtdC and the K227R mutant, so a G6P
saturation curve in the presence of 2 mM NAWDas constructed. A Hill plot of the data
revealed negative cooperativity with a Hill coeféiet of roughlyh = 0.7 (Figure 2.42). A
Lineweaver-Burk plot of the data showed a good ement between the Michaelis-Menten
model and the data, except for at the lowest cdreteon of G6P where the error in estimating
the initial rate is greatest and where the replagnifies that error (Figure 2.43). The apparent
kinetic constants for the reaction are summarire@lable 2.7. The specificity constant for G6P
is not significantly different from that present@dTable 2.1, which indicates that this mutation
had a trivial affect on NtdC'’s catalytic activityTherefore, the fact that the primary structure of
the NtdC protein used for this study differed frémat reported in th&. subtilis genomé&® was

not an issue.
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Log(Vo/(Vmax-Vo))

2 4
Log[G6P]

Figure 2.42: Hill plot for the reaction catalyzed ly
the K227R mutant of NtdC at varying
concentrations of G6P. Conditions: 2 mM NAD,
100 mM AMP-HCI, pH 9.2, 28C. Vya™=6.72
pmol-mint-mg*. Slope = 0.69. The trend line
represents a linear, least-squares best-fit ofite.

Table 2.7: Apparent kinetic constants for the oxidéon of
G6P by NAD" as catalyzed by the K227R mutant of NtdC.

Conditions: 2 mM NAD, 100 mM AMP-HCI, pH 9.2, 2%,

h(GGP): 0.7.
Vinax " 6.72 + 0.07 umol-min™-mg*
S5 189 + 7 uM
h 0.69 +0.03
Keat™" 4.66 +0.05s™
Kea™ /S0 52" (2.5 +0.5) x 10*s™-M*
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Figure 2.43: Double reciprocal plot of the initial

rate of the reaction catalyzed by the K227R

mutant of NtdC versus the concentration of G6P.
Conditions: 2 mM NAD, 100 mM AMP-HCI, pH 9.2,
25°C. The trend line represents the results expected
for a single substrate reaction which obeys Midkael
Menten kinetics and displays cooperativity where
Vimad™ = 6.72umol-min*-mg*, $.£°° = 189uM, and

max

h=0.7.



2.5  Synthesis of kanosamine (7)

As depicted in Scheme 1.2, NtdB may catalyze thedepsation between two
kanosamine residues in the last step of NTD bid®gis. Kanosamine was required to test this
possibility. The synthesis of kanosamine has Ipedgatished numerous times. The route used in
this thesis is presented in Scheme 2.1. The kep stas the oxidation of 1,2:5,6-G-
isopropylidenea-D-glucofuranose 1) to 1,2:5,6-di©-isopropylidenea-D-ribo-hexofuranos-3-
ulose @) by pyridinium dichromate (PDC) in the presence awfetic anhydride, as first
demonstrated by Garegg and Samuel§&dollowed by a stereospecific reduction at C-3 by
sodium borohydride to form 1,2:5,6-@+sopropylidenea-D-allofuranose 3).%” This inversion
of stereochemistry at C-3 allowed for the use ofSa@ displacement at C-3, preserving the
original configuration of the glucose molecule. syiation of the hydroxyl group at C-3
followed by displacement with sodium azide in refhg DMF resulted in an incomplete
conversion of the starting material and a large wrhoof discolouration. Flash column
chromatography was required to remove the colodrsaparate the newly created compobnd
(88%) from unreacted compoundt (6%). An alternative method substituting
trifluoromethansulfonic anhydride instead pftoluenesulfonyl chloride has been developed,
which although more difficult to perform, resulteda near quantitative yield of compoubd
from compound and does not require column chromatography. Eidearoup was converted
to anN-t-butoxycarbonyl {-Boc) protected amine through palladium catalyzgdrdigenolysis in
the presence of dibutyl dicarbonate. Kanosamine was isolated ashgftrochloride salt®)
after acid catalyzed hydrolysis of compouhd Although pure by NMR, the product was very
hygroscopic. Some water remained, even after abdays under high vacuum, and heating
discoloured the product. Assuming the last stepeoguantitative, kanosamine-HQ) (was
isolated in 70% overall yield from the diisoprog@ne of glucoselj with the need to run only

two columns.
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Scheme 2.1: Synthesis of kanosamine (7(a) PDC, AgO, DCM, A; (b) NaBH,, EtOH/H,O (v/v 1:3), 86% (2
steps); (c) TsCl, Pyridine, 94%: (d) NaNDMF, A, 88%; (e) H, Pd/C,'Boc,0, 98%: (f) 2 M HCI, quant. 70%
overall yield from1.

2.6  Synthesis of neotrehalose (15)

The synthesis of NTD and derivatives will be neaegsn order to determine if NtdB is
capable of catalyzing the hydrolysis of NTD (Schelri. Before synthesizing NTD, a process
which first requires the five step synthesis ofdsamine ) or its immediate precursor, 3-azido-
3-deoxyb-glucose, it seemed prudent to first develop a oddlogy using the analogous
synthesis of neotrehalosegs] from glucose ). Neotrehalose has been synthesized before, most
often by the Koenigs-Knorr or Helferich methods nfro 2,3,4,6-tetrd®-acetyla-D-
glucopyranosyl bromide and 2,3,4,6-te@aacetylb-glucose.

A different route was chosen in the hopes of imprg\his synthesis (Scheme 2.2). A
thiophenol group was installed at C-1 of glucoseaaomeric thiol groups are relatively stable
and are readily converted to any of the commonaglytdonors® The one-pot synthesis of

compound9 did not scale as well as hoped, as only 34% ofptaeluct was isolated by
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crystallization. Column chromatography is reportedjield much better result$ but is not as

convenient for gram scale syntheses.

From here, a synthetic route to the perbenzylatxd/ative of neotrehalosel§) using
the trichloroacetimidate of 2,3,4,6-tet@abenzylb-glucopyranosidel) as the donor sugar was
followed.”® Methanolysis of the acetyl groups in the presei@dium methoxide, followed by
benzylation, produced 2,3,4,6-Tet@abenzyl-1SthiophenolB-D-glucopyranose 10) in 82%
yield. Selective hydrolysis of the thiophenol goousingN-bromosuccinimide (NBS) in wet
acetone according to Damagerl.** resulted in 2,3,4,6-tetr@benzyld-glucopyranosidel(l)
in 91% vyield after recrystallization. A portionf @ompound 11 was converted to the
trichloroacetimidate12) using sodium hydride and trichloroacetonitrile8ir% yield and with a
12:1 a: ratio after column chromatography. This methods Wwater improved upon by
substituting Cg£CO; for sodium hydride, yielding only the-anomer in 94% vyield after passing

through a short column of silica to remove colour.

Compoundsl1 and 12 were coupled using silver triflate, producing saleompounds
visible by UV after TLC. It was hoped perbenzythteeotrehalosel@) would prove simpler to
isolate than neotrehalose synthesized by more icéhssiethods, but this was not the case.
Isolation of pure compound3 required two chromatographic separations by flaslumn,
followed by two recrystallizations to remove andenitified, non-sugar contaminant. The vast
majority of compoundL3 could not be isolated from the other glycosylatpyoducts, yielding
only 15% of the expected product. Palladium catdyhydrogenolysis proceeded smoothly to
generate pure neotrehalod®)(in quantitative yield. Overall, neotrehalod®)(was isolated in

3% overall yield after seven steps, three silidacghimns, and five recrystallizations.
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Scheme 2.2: Synthesis of neotrehalose (1%3)i) Ac,O, 30% HBr in AcOHji) Thiophenol, BNHSO,; Na,CO;,
H,O/DCM, 34%% (b)i) NaOMe, MeOHA, ii) NaH, DMF,iii) BnBr, 82%; (c) NBS, Acetoneld (v/v, 9:1),
91%% (d) Trichloroacetonitrile, NaH, DCM, 8798° (e) Silver triflate, DCM, in the dark, 15% perbglsed
neotrehalose isolated yiefti{f) 10% Pd/C, H, MeOH, quant. 3% overall yield from glucose.
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2.7  Synthesis of 3?H]- D-glucose (20)

In the absence of 3-oxm-glucose or 3-oxo-&®-phosphob-glucose, the first product of
NtdC when assuming a sequentially ordered mechammribition studies alone are not enough
to distinguish between a steady-state ordered meésthaand a Theorell-Chance kinetic
mechanism. However, in a Theorell-Chance kinegcmanism, product release is much slower
than chemistry®™ Therefore, an observable kinetic isotope effentile rule out the possibility
of a Theorell-Chance mechanism. In order to stady potential kinetic isotope effects
associated with the abstraction of the hydride f@+8, it was necessary to synthesizétHp-
Glucose 20). 3-PH]-D-Glucose 20) was first synthesized by Koahal. in 1970*°? Since then,
this method has been the route of choice for t¢hegis of this deuterated sugdt®* Kochet
al. leveraged the well known stereospecific reductibthe diisopropylidene of 3-oxb-glucose
(2) to generate 3%H]-1,2:5,6-diO-isopropylidenes-D-allofuranose 16).”” Tosylation of the
free hydroxyl group, followed by displacement wigbdium benzoate lead to compoubél
Hydrolysis of the benzoyl group resulted in compb®A in 55% yield from compoundl6. Use
of a triflic group instead of a tosyl group impravthis process greatly, increasing the yield of
these three steps to 87% (Scheme 2.3). The in@iipo of the deuteron into the diacetone of
glucose {) was confirmed througfH NMR by observing the disappearance of a one proto
signal at 4.36 ppm (corresponding to the protoachttd to C-3), the reduction of the signal at
4.08 ppm (corresponding to the proton attached -#) €om a doublet of doublets to just a
doublet, and the reduction of the signal at 2.4@ fgporresponding to the hydroxylic proton at

C-3) from a doublet to a singlet.

Dowex 50X-80 (H) was used to mildly hydrolyze the isopropylidemeups, yielding 3-
[H]-D-Glucose 20) as a lightly yellow glass in quantitative yieldHowever, the product
retained a small amount of water which could notdseoved under high vacuum. Although the
NMR appeared pure, the melting point of compo@0d25-36°C) was considerably depressed
from that of crystalline glucose (162-182). The manufacturer of the crystalline glucosedus
as a standard reports a melting point of 150 t&2Additionally, the UV spectrum of a 100 mM
solution of glucose, which had been prepared usiogjum borohydride instead of sodium
borodeuteride, showed absorbance peaks at 226 ti258nm, with a broad shoulder extending

past 400 nm. Crystalline glucose showed a smallegle peak at 214 nm. Finally, preliminary
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kinetics which compared prepared glucose with aflyse glucose at 100 mM concentration and
in the presence of 1 mM NADand 100 Tris-HCI at pH 9.0 showed that preparedage

exhibited 50% the activity of crystalline glucosetihe presence of IDH and only 5% the activity
of crystalline glucose when in the presence of Ntd&me chemical undetected in the NMR

must be contaminating glucose prepared in this @ann

Incomplete hydrolysis would result in a small amowh 1,2-O-isopropylidenea-D-
glucofuranose. However, this compound did nothithine oxidation of crystalline glucose
when added to the reaction mixture. The contanunanust have happened during hydrolysis,
as crystalline glucose, when reacted with acid doimethe same manner as above, yielded a
very lightly yellow solid with a depressed meltipgint of 43-56°C, while crystalline glucose
that had merely been dissolved in water yieldedyatalline solid with a melting point of 147-
154°C. Alternative methods of hydrolysis using TFAgtc acid, and HCI were investigated,
but these acids proved difficult to remove, leavthg resulting sugar acidic. The %H4]-D-
Glucose 20) synthesized in this manner could not be usedHerinvestigation of a primary

kinetic isotope effect for this reason.

@Q f@ =

TfO 0
2 16 17
¢ 9o d 0 o e 'l
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=30 =10 HO ~
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Scheme 2.3: Synthesis of 3H]- D-glucose (20).(a) NaBD, 25% EtOH.q), 85%; (b) T$O, pyridine, DCM, -2€C;
(c) Sodium benzoate, DMF; (d) NaOMe, MeQXK,87% (3 steps); (e) Dowex 50X-80,®1 quant. 74% overall
yield from 2.
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Figure 2.44: The'H NMR spectra of 1,2;5,6-diO-isopropylidenef3-D-allofuranose (1) and 34H]- 1,2;5,6-di-
O-isopropylidene$-D-allofuranose (16).

2.8  Synthesis of 3-deoxy-3-fluor@-glucose (23)
It was predicted that 3-deoxy-3-fluobmeglucose 23) would act as an inhibitor for the
reaction catalyzed by NtdC. One of the earliesitlsgses of this compound was reported by
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Johansson and Lindberg. They used boron trifl@oiid hydrogen fluoride to open the 2,3-
epoxide of glucose. This method had the disadgentd producing 2-deoxy-2-fluorb-altrose
as the major produé¢?® This method was improved upon later the same lygaiebberet al.

by reacting the easily obtained tosylate of 1,2ds;®-isopropylidene3-D-allofuranose with
tetrabutylammonium fluorid®® Thanks to the utility of ‘fF]-3-deoxy-3-fluorob-glucose in
medical imaging, many other syntheses of 3-deoflu@0-D-glucose 23) have been reported,
with many focusing on short preparation and readiimes in order to maximize activity of this
short lived, radioactive isotope of fluorif¥. Many common preparations employ
dimethylaminosulfur triflurode (DAST), with yieldef compound22 as high as 87% when
converted directly from compour*®® However, the availability of cesium fluoride coiméxd
with the familiarity of displacing triflates at C4#ade the route developed by Argenthial.
attractive!®®  Scheme 2.4 displays the synthesis of 3-deoxy@d+1,2:5,6-diO-
isopropylidene3-D-glucofuranose 42) from 1,2:5,6-di©-isopropylideng3-D-alofuranose J)
via cesium fluoride displacement of the triflatetermediate Z1). Compound®2 was obtained
in 80% vyield after two steps. Although 3-deoxyk3sfo-D-glucose 23) should be easy to
obtain through hydrolysis of the isopropylidene tpoting groups, the difficulty in obtaining
fully functioning glucose from the diisopropylidenéglucose {) cautioned us from performing

this reaction until the above problem could be sdlv
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Scheme 2.4: Synthesis of 3-deoxy-3-fluom-glucose (23).(a) THO, pyridine, DCM, -26C; (b) CsF, DMF, 60C,
80% (2 steps); (c) Dowex 50X-80,®.
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Chapter 3: Experimental

3.1 Reagents and materials

Chemicals and reagents were purchased from EMDb&wn, NJ), TClI America
(Portland, OR), Alfa Aesar (Ward Hill, MA), CalBibem (San Diego, CA), or Sigma-Aldrich
(St. Louis, MO). DNA primers were synthesized liher Integrated DNA Technologies, Inc.
(Toronto, ON) or Alpha DNA (Montreal, QB). Restian enzymes were purchased from either
Invitrogen Canada Inc. (Burlington, ON) or New Eangll Biolabs Inc. (Pickering, ON). T4
DNA Ligase was purchased from New England Biolales Pfu Ultra HF was purchased from
Invitrogen Canada Inc. as part of the QuikChange-Birected Mutagenesis Kit. QIAprep spin
miniprep kits, QIAquick gel extraction kits, and Ajuick PCR Purification kits were purchased
from Qiagen Inc. (Mississauga, ON). HiTrap ChagtHP columns were purchased from GE
Healthcare Life Sciences (Baie d'Urfe, QB). Acskidi0.45 um syringe filters were
manufactured by Pall Life Sciences (Ville St. LanireQB) and purchased from VWR Canlab
(Mississauga, ON). For kinetic studies, 3-oxogieavas synthesized by Hongyan Zheng

(Department of Chemistry, University of Saskatchewsaskatoon, SK, Canada).

3.2 Plasmids, bacterial strains, and growth conditins

The pET-28b and pET-17b plasmids were purchasech fNovagen. The pUC18-
ntdABC plasmid encoding thetdA, ntdB, andntdC genes was kindly provided by Dr. Kozo
Ochi (Microbial Function Laboratory, National Fodglesearch Institute, Tsukuba, lbaraki,
Japan). The mutant pET28b-ntdC-H180Y, pET28b-ritdB0A, and pET28b-ntdC-H180N
plasmids were provided by Grey Wilkinson (Departtmeri Chemistry, University of
Saskatchewan, Saskatoon, SK, Canada). Competkniveee generated frof. coli XL1-Blue
and BL21-Gold (DE3) cell lines which were also gaased from NovagenE. coli XL1-Blue
was used as the host/storage strain for the rec@mbplasmid construction. BL21-Gold (DE3)
cells were used for protein overexpressida. coli strains harbouring corresponding plasmids
were routinely grown in Luria Bertani (LB) mediurargaining 50ug/ml ampicillin or 30ug/ml

kanamycin overnight at 3°C and 250 rpm or on LB plates supplemented withajyeropriate
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antibiotic overnight at 37C. Cell suspensions were made as aliquots (1 mipb6 glycerol,

flash frozen in liquid nitrogen, and stored at °80 Plates were stored af@.

3.3 Instrumentation

Flash column chromatography was performed withdWdesilica gel 60 (230-400 mesh).
The polymerase chain reaction (PCR) was perfornsgtguan Eppendorf mastercycler gradient
thermocycler. Cells were lysed with the aid of @&sWnic 600 ultrasonic cell disrupter.
Spectrophotometric assays were performed usingcanBzn DU 640 spectrophotometer. DNA
separation and analysis was performed using a BAD-Rsub-cell GT agarose gel
electrophoresis system. Protein separation anigsesawas performed using a BIO-RAD mini-
protean 3 electrophoresis system. Beckman Couniterofuge 18 and 22R centrifuges were
used for routine DNA purification, cell harvestingnd protein sample preparation. Molecular
weights were determined using electro-spray massctspnetry (Sciex QSTAR hybrid
guadrupole-TOF) performed by the Saskatchewan tBtnalcScience Centre (SSSC) (Saskatoon,
SK, Canada). DNA sequencing was performed by tNé& Dechnologies Unit of the National
Research Council (NRC), Plant Biotechnology Ingit{iPBl) (Saskatoon, SK, Canada).

3.4  Subcloning of thentd genes
The genes designatettlA, ntdB, andntdC were received as part of the pUC18-ntdABC.
Each gene was to be subcloned betweerNtst and BamHI sites of pET-28b. HoweventdA

possessed an interrddlel site that needed to be removed before this cbeldffected.

3.4.1 PCR-based mutagenesis ntdA

Slent, a program from th&MBOSS suité'® was used to identify a silent T1152C
mutation that would remove this sit®éutaPrimer V1.0''* was used to design primers encoding
this T1152C mutation (Table 3.1). pUC18-ntdABC wsdated from an overnight growth of an
E. coli DH5a strain carrying the pUC18-ntdABC plasmid accordioghe protocol described in
the QIlAprep spin miniprep kit manual. pUC18-ntdAB@&s with all plasmids and gene
fragments henceforth, was eluted with deionizedewa¥lutagenesis was performed using the
QuikChange Site-Directed Mutagenesis Kit. The tieaamixture contained a 0.25 mM mixture
of dATP, dTTP, dCTP, and dGTP (12.5 nmol eachynpri NtdA-T1152C-Forward (125 ng,
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9.56 pmol), primer NtdA-T1152C-Reverse (125 ng598nol), plasmid puUC18-ntdABC (400
ng, 100 fmol), andPfu Ultra HF DNA polymerase (2.5 U) in 1¥fu Ultra HF PCR buffer (50
uL). The thermocycler was programmed as folloWsDénaturation at 98C for 30 seconds; 2)
Denaturation at 98C for 30 seconds; 3) Annealing at %5 for 60 seconds; 4) Extension at 68
°C for 360 seconds; 5) Repeat from step 2 for 12kesy6) Hold at #C. Dpnl (10 U) was added
and the reaction mixture allowed to incubate owgthat 37°C in order to degrade the parental
DNA.
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Table 3.1: Primers for subcloning of thentd genes. Unchanged nucleotides are capitalized. Mutatedfieotides are lower
case. Introduced restriction sites are underlined.

Purpose Primer Oligonucleotide sequence (5 '— 3"

Subcloning ntdA-Ndel-Forward GGA GGT ACT Gca tAT GCA AAA ACA G

of ntdA ntdA-BamHI-Reverse CAA CCG TGG Atg gat CcT TAT ACT CCG ATT TC

Subcloning ntdB-Ndel-Forward GGA GGG ACT GTc atA TGT TAT TAAG

of ntdB ntdB-BamHI-Reverse GCC TAT CTT CTg gAT ccT TAT TTC CTC CTC

Subcloning ntdC-Ndel-Forward CAT GAG GAG GAA cat Atg ATG AAG AAG ATA CG

of ntdC ntdC-BamHI-Reverse CTTCTC TCT TTG GAT CCC TAG TTGACT G

Removal of

an internal ntdA-T1152C-Forward ~ TCC AAT ACT TTC TCA cAT GCA AAA AAC TCC TTT AGT ACAGGAC
Ndel site GTC CTG TAC TAA AGG AGT TTT TTG CAT gTG AGA AAG TAT TGG A
from ntdA ntdA-T1152C-Reverse
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3.4.2 Transformation of competent cells with mutanplasmid

E. coli XL1-Blue competent cells were prepared as followB: (5 mL) containing
tetracycline (2Qug/mL) was inoculated with a colony of XL1-Blue celind allowed to incubate
at 37°C and 250 rpm overnight. The overnight cultur® (@L) was used to inoculate a 250 mL
Erlenmeyer flask containing LB (50 mL) and tetrdoye (20ug/mL). The flask was incubated
at 37°C at 250 rpm shaking until an optical density af 60n (OQog of roughly 0.4 was
reached. The cell culture was harvested by cegaifon at 11,000gand 4°C for ten minutes.
The bacterial pellet was resuspended in transfoomatbuffer (25 mM Tris
(tris(hydroxymethyl)aminomethane)/HCI, 50 mM Cg@H 7.5) (20 mL) and incubated on ice
for one hour. The resuspended cells were pelleseabave and resuspended in transformation
buffer (1 mL). The competent cells were dilutedhngterile, ice-cold 80% glycerol to a final
concentration of 15% glycerol. The cell suspensvas flash frozen as 1QQ. aliquots in liquid

nitrogen and stored at -8C until used.

A frozen aliquot of XL1-Blue competent cells (1A0) was thawed on ice before adding
the crude PCR mix from above |(L). The transformation mixture was incubated afar 30
minutes, heat shocked at %2 for 45 seconds, and placed back on ice for tvaitiaal minutes.
The entire transformation mixture was used to iteteua test tube containing pre-warmed LB
(0.5 mL). The cell suspension was incubated &iG3With 250 rpm shaking for one hour. The
entire sample was used to inoculate two four indBsagar plates containing ampicillin (50

ug/mL). These plates were allowed to incubate dgétnat 37°C, yielding several colonies.
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3.4.3 lIdentification of thentdA mutant

Four colonies were picked from the above platesgndin overnight in LB containing
ampicillin (50pug/mL). Their plasmids were extracted accordingh® protocol described in the
QIAprep spin miniprep kit manual. Plasmids, dithie 1x NEB buffer #4 (1Qul) containing
Ndel (10 U), were incubated at 3T overnight. Identification of mutated plasmidasacarried
out by visualizing the products of tiNglel digest on an ethydium bromide stained 1% agarose
gel that had been developed in Tris-Acetate-EDTAKY buffer at 120 V.

3.4.4 PCR-based amplification of the individuahtd genes

pUC18-ntdABC-T1152C was isolated from an overnigitdwth of ank. coli XL1-Blue
strain carrying the pUC18-ntdABC-T1152C plasmidading to the protocol described in the
QIAprep spin miniprep kit manual. The PCR primens the gene amplification are shown in
Table 3.1. The primer sequence designs were gederasing NEBcutter V2.0"° and
OligoAnalyzer V3.1 from Integrated DNA Technologies. The reactmixture contained a 0.25
mM mixture of dATP, dTTP, dCTP, and dGTP (12.5 nraeath), forward primers (1250 ng,
125-161 pmol), reverse primers (1250 ng, 128-13%lpntemplate plasmid pUC18-ntdABC-
Mut (400 ng, 100 fmol), an&fu Ultra HF DNA polymerase (2.5 U) in 1Rfu Ultra HF PCR
buffer (50uL). The thermocycler was programmed as followsD#&haturation at 98C for 60
seconds; 2) Annealing at 546 for 60 seconds; 3) Extension atT2for 120 s; 4) Repeat 12
for 12 cycles; 5) Hold at 4C. Dpnl (10 U) was added and the reaction mixture allowed
incubate one hour at 3T in order to degrade the parental DNA. The PGRIpct was purified
from the reaction mixture using a QIAquick PCR Raaition Kit from Qiagen.

3.4.5 Restriction digests of pET-28b and the indidual ntd PCR products

The pET-28b plasmid and the PCR amplified DNA fraegits were digested as follows.
Plasmids or purified PCR products in 1x NEB buf#@ (10pul) containingNdel (20 U) were
incubated at 37C for 48 hours.BamHI (5 U) was added, before incubating an additicove
hour. Restriction enzymes and sub-100 bp fragmeete removed using the QlAquick PCR

Purification Kit.
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3.4.6 Ligation of the individual ntd genes into pET-28b

The ligation reactions were prepared at both 3id 40:1 (90 fmol:9 fmol) insert to
vector ratios. FontdC, the ligation mixture contained tliddel/BamHI digested PCR product
containing thentdC gene (27 or 90 fmol)\del/BamHI digested pET-28b (9 fmol), and T4 DNA
Ligase (200 U) in 2x T4 DNA Ligase buffer (1) containing ATP (20 nmol). The ligation
mixture was allowed to incubate at %® for 48 hours. The constructs containimtdA andntdB
were prepared in a similar fashion, only usingwagioconcentration of insert (15 or 50 fmol) and
vector (5 fmol) and a shorter incubation time ofl®urs. The ligation mixtures were used to
transform XL1-Blue competent cells in the same nearas describe above. These cells were

plated on to LB-Agar plates containing kanamyci@ |(g/mL).

3.4.7 Identification of successfully subcloned gege

For ntdC, the transformed cells from the 10:1 ligation teats produced the most
colonies. The plasmids from six of these colonvese extracted as described above. rfdA
and ntdB, transformed cells from the 3:1 ligation reactiggreduced the most colonies. The
plasmids from six of these colonies were extratbedothntdA andntdB. Successful ligations
were identified by visualizing the products Xinl, EcoRV, andBglll digests for ntdA, ntdB,
and ntdC, respectively, on an ethydium bromidenstail% agarose gel that had been developed
in TAE buffer at 120 V.

3.4.8 Subcloning ohtdC into pET-17b

Both pET-17b and pET28b-ntdC were digested Widlel andBamHI as described above.
The products of both digests were visualized oretfuydium bromide stained 1% agarose gel
that had been developed in TAE buffer at 120 V.e TB59 bp band corresponding to tieC
gene fragment and the 3243 bp band correspondiegifly pET-17b vector were excised and
purified using the QIAquick Gel Purification KitA 7:1 insert to vector ligation reaction was
performed using thé&ldel/BamHI digestedntdC gene insert (50 fmol)Ndel/BamHI digested
pPET-17b vector (7 fmol), and T4 DNA Ligase (200 id)2x T4 DNA Ligase buffer (1QuL)
containing ATP (20 nmol). The ligation mixture waltowed to incubate at 1% for 48 hours.
The ligation mixture (JuL) was used to transform XL1-Blue competent cetlslascribed above.

The plasmids from six of the resulting colonies avextracted. Successful ligations were
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determined by visualizing the products oBglll digest on an ethydium bromide stained 1%

agarose gel developed in TAE buffer.

3.5 PCR-based mutagenesis of th#dC Gene

A D176N mutation was effected by changing the guarait position 526 to an adenine.
This did not affect the restriction map for plasmiT28b-ntdC; the prograndlent, from the
EMBOSS suité*® was used to identify a silent adenine to cytosimenge at position 519 which
would simultaneously introduddamH| and Syl restriction sites. A separate K227R mutation
was generated by changing an adenine at positint®8 guanine. No convenient silent
mutation could be identified to alter the restrotimap. MutaPrimer V1.0 was used to design
primers encoding these D176N and K227R mutantsl€¢TaR). The plasmid, pET28b-ntdC, was
isolated from an overnight growth of transformed IXBlue cells according to the protocol

described in the QIAprep spin miniprep kit manual.

Mutagenesis was performed using the QuikChangelsiteted Mutagenesis Kit from
Stratagene. The reaction mixture contained a &R5 mixture of dATP, dTTP, dCTP, and
dGTP (12.5 nmol each), forward primer (125 ng, Jh®l), reverse primer (125 ng, 11.1 pmol),
plasmid pET28b-ntdC (30 ng, 7.18 fmol), aPfdl Ultra HF DNA polymerase (2.5 U) in 1ffu
Ultra HF PCR buffer (5QuL). The thermocycler was programmed as followsDé&naturation
at 95°C for 30 seconds; 2) Denaturation at®@5for 30 seconds; 3) Annealing at %5 for 60
seconds; 4) Extension at A2 for 420 seconds; 5) Repeat from step 2 for 1tesy®) Hold at 4
°C. Dpnl (10 U) was added and the reaction mixture alloweedthcubate overnight at 3T in
order to degrade the parental DNA. XL1-Blue corapetells were transformed with the PCR
mixture as described above. Plasmids were exttdaten six of the colonies produced from the
D176N reaction. Successful mutants were identifled visualizing the products of a
BamHI/EcoRV digests on ethydium bromide stained 1% agaret® dgveloped in TAE buffer
at 120 V. For the K227R mutation, successful migtarere identified by sequencing.
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Table 3.2: Primers for mutagenesis ofitdC. Unchanged nucleotides are capitalized. Mutatedeotides are
lower case. Introduced restriction sites are uircst.

Mutation  Primer Oligonucleotide sequence (5 '— 3

K227R ntdC-K227R-Forward GCA GAA ATT TAT GGC CAG CTG AgG AAC AAG GTATTT G
ntdC-K227R-Reverse CAA ATA CCT TGT TCc TCA GCT GGC CAT AAATTTCTG C

D176N ntdC-D176N-Forward GAA GAC GAG TGG ATC cTT GGG GaA TCT GGG TAATCAC
ntdC-D176N-Reverse ~ GTG AAT ACC CAG ATt CCC CAAgGATCCACTCGTCTTC

3.6  Overexpression of the His-taggedtdC gene and its mutants

BL21 Gold (DE3) competent cells, prepared in thmesananner as XL1-Blue competent
cells only in the absence of tetracycline, weragfarmed with the newly created pET28b-ntdC
plasmid (or the H180N, H180Y, H180A, D176N, or KR plasmids). The transformed cells
were plated onto LB-agar containing kanamycin (8mL). A single colony was used to
inoculate a test tube containing LB (5 mL) and kapein (30 ug/mL). The test tube was
incubated overnight at 3T with shaking at 250 rpm. The overnight culturéqfiL) was used
to inoculate a 250 mL Erlenmeyer flask containiig)(60 mL) and kanamycin (30g/mL). The
cell culture was allowed to incubate at°&7with 250 rpm of shaking until an Qg of roughly
0.6 was reached. Overexpression of ntdC gene was induced by the addition of IPTG (1.0

mM). The cell culture was incubated for an addigibthree hours.

3.7 Purification of NtdC and its mutants

Cell cultures were harvested at 11,0@pfar ten minutes and resuspended in binding
buffer (20 mM Tris/HCI, 5 mM imidazole, 500 mM NgC2.5% (v/v) glycerol, pH 7.9) (2.5
mL) supplemented with an additional 20% glycerol pieevent precipitation. Samples were
cooled on ice and sonicated ten times (two secondsnd five seconds off) with the sonicator
set at level four, and then allowed to cool forefiminutes before sonicating again. In total,
samples were sonicated 30 times. The sonicatézlwete pelleted by centrifugation at 15,000
xg for ten minutes. The supernatants were passedghra 0.45.um filter before being loaded
onto HiTrap Chelating HP columns (1 mL) chargedhwiickel. The columns were washed
successively with binding buffer (4 mL) and washingfer (20 mM Tris/HCI, 60 mM imidazole,
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500 mM NacCl, 12.5% (v/v) glycerol, pH 7.9) (8 mLgfore eluting the target protein with
eluting buffer (20 mM Tris/HCI, 2.5 mM imidazoleQ5nM EDTA, 500 mM NaCl, 12.5% (v/v)
glycerol, pH 7.9) (13.5 mL). As with the bindingfter, all buffers were supplemented with an
additional 20% glycerol. Nine 1.5 mL fractionsedfiting buffer were collected for each sample.
The presence of NtdC or one of its mutants wadigdrby SDS-PAGE. Fractions containing
the desired protein were pooled and dialyzed ogétrnnto a pH 6.5 potassium phosphate buffer
(50 mM) containing glycerol (50%) and DTT (1 mMIProtein concentrations were determined
by UV-spectroscopy using @gso of 1.03 mL-mg-cm? for wild type NtdC, the H180N mutant,
and the H180A mutant, 1.02 mL-thgni* for the D176N and K227R mutants, and 1.06 mL-mg
Lemt for the H180Y mutant. The molar absorptivity ve8uwere calculated using the

ProtParam tool provided on the ExXPASy website.

3.8  Overexpression of the non-His-taggeatdC gene

BL21 Gold (DE3) competent cells were transformedhwhe pET17b-ntdC plasmid.
The transformed cells were plated onto LB-agar aairig ampicillin (50ug/mL). A single
colony was used to inoculate a test tube contaibBig5 mL) and ampicillin (5Qug/mL). The
test tube was incubated overnight at°@7with shaking at 200 rpm. The overnight cultur® (5
pL) was used to inoculate four test tubes contairiiBg(10 mL) and ampicillin (5Qug/mL).
These test tubes were allowed to incubate for thoegs at 37C with shaking at 200 rom. One
of the test tubes was removed and placed on iage t€st tube was induced by the addition of
IPTG (0.8 mM) and allowed to incubate an additiottake hours. Another test tube was
induced by the addition of IPTG (0.8 mM) and alla\we incubate overnight. The final test tube
was not induced but allowed to incubate overnighé @ontrol. An additional control consisting
of BL21 Gold (DE3) competent cells transformed wetihpty pET-17b and induced with IPTG
was also allowed to incubate overnight. The celturtes were harvested by centrifugation at
11,000 xg for ten minutes and resuspended in binding b#@mM Tris/HCI, 5 mM imidazole,
500 mM NacCl, 12.5% (v/v) glycerol, pH 7.9) (0.5 mL)he cell suspensions were cooled on ice
and sonicated ten times (2 seconds on, three seadf)dat power four. The cell suspensions
were pelleted at 15,00@or ten minutes. The supernatants and pelletge weparated and the
presence of protein visualized on Coomassie hitlldue stained SDS-PAGE gels.
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3.9 Initial velocity experiments

Reaction progress was recorded using a Beckman4DUfpectrophotometer by
measuring the appearance (or disappearance) of NADHS €nax of 340 nm where the
absorbance contributed by the enzyme is minimdie 3pectrophotometer was connected to a
circulating water bath to maintain a constant terafpge. The recorded data were converted to a
Microsoft Excel file using the DU600/7000 file uyf software (version 1.0). A plot of
absorbance versus time was generated from the dataexample plot is shown in Figure 3.1.

All assays were performed using His-tagged enzymes.
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Figure 3.1: Example plot of absorbance versus timr a
typical assay. Conditions: Conditions: 200 mM AMP-HCI,
pH 9.2, 25°C, 1 mM NAD", 2 mM G6P, 1.61g NtdC.

The initial velocity, in the form of the change iabsorbance per second, was
approximated from the slope of the early, approxatydinear part of the curve. Approximately
20-30 seconds elapsed between mixing of the cuaetiereading, which was not adjusted for.
The initial rate was converted to micromoles penute per milligram of NtdC in the following

manner:

Abs =E€340 C-L (1)

92



Equation 1 represents Beer's Law, where Abs reptesabsorbances, represents the molar
absorptivity of NADH at 340 nM (6,300 mL-mmbtni'), C represents the concentration of
NADH, and L represents the path length (1 cm).sTain be rearranged to form equation 2.

C = Abs/ €z - L) (2

C=nl/V )

Equation 3 relates concentration to the numberaém(n) in a certain volume (V). Equations 2

and 3 can be combined to form equation 4 and negexhto form equation 5.

n/V=Abs/ € L) 4)

n=Abs -V /L) ()

Equation 6 is produced when the initial ralé\ksse) is substituted for Abs

AnseC: AAstec * V/ (8340 * L) (6)

As the volume of the reaction mixture is known (IL)jrequation 6 can be used to determine the
amount of NADH produced per second. This value m@snalized per milligram of NtdC and

the time scale converted to minutes, instead obrsx; so that values could more easily be
compared between experiments. The overall cororeisidescribed by equation 7, where W is

the mass of protein in milligrams. All rates aeparted after conversion in this manner.

ANpin = AADbSsec - V/ €340+ L - W) - (60 s/ 1 min) (7)

3.9.1 Optimization of NtdC glucose oxidase acity
Assays were performed in a one millilitre volumentaoning Tris-HCI (100 mM), or

AMP-HCI (100mM), glucose (50 mM), NAD(1 mM), and NtdC (16ig) at 25°C and varying

pH. All assays were performed at least in dupdicat
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3.9.2 Assaying NtdC oxidase activity with differensugar substrates

Assays were performed in a one millilitre volument@oning Tris-HCI (100 mM) and
varying concentrations of NtdC at 26 and pH 9.0. NAD concentrations varied between one
and five millimoles per litre. Different sugar stkates were added at different concentrations.
In some cases, two sugars were added togethesttéotean inhibitory effect. All assays were

performed at least in duplicate.

3.9.3 Determining K,**" for glucose

Assays were performed in a one millilitre voluma@ining Tris-HCI (100 mM), NAD
(1 mM), and NtdC (1.4%91g) at 25°C and pH 9.0. Glucose concentrations were varétaden
20 and 500 millimoles per litre. All assays weezfprmed at least in duplicate with the average
reported. The prograieonora®™ was used for the non-linear, least-squares fittihthe initial
rate data to the equations describing Michaelist®terkinetics for a single substrate system
(Equation 8):

VAP = VmaxAPP Al [Kmapp +A] (8)

where V¥ represents the apparent initial rate at a givarceotration of the varied substrate,
Vmax P represents the apparent maximum initial rate atraing concentrations of the varied
substrate (in this case, glucose), A representsaheentration of the varied substrate, apd°K
represents the apparent Michaelis constant fov#ned substrate. These are apparent values
and not true values, as they are only valid whike ¢oncentration of the fixed substrate (in this

case, NAD) remains unchanged.

3.9.4 Optimization of NtdC G6P oxidase activity

Assays were performed in a one millilitre volumentaning Tris-HCI (100 mM), or
AMP-HCI (100mM), glucose-6-phosphate (2 mM), NAQL mM), and NtdC (0.74g) at 25°C
and varying pH. The pH of the reaction mixtureseue-evaluated after the assay was complete
to account for any pH change over the course ofahetion. All assays were performed at least

in duplicate. In addition to fitting the data touation 8, the data were also fit to the equation
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describing a single substrate reaction which obdighaelis-Menten kinetics where the varied

substrate binds cooperatively (Equation 9):
VPP = Vi) 2P AN [S57P - (1 + A)] (9)

whereh represents the Hill factor describing the coopetsitof the binding of the substrate and
S5 represents the apparent concentration of the dvamidstrate at which half of W&PP is
obtained. The value of the Hill constant was deieed in an iterative fashion by calculating
Vmax PP usingh = 1, using the calculated, PP to generate a Hill plot from which a preliminary
Hill constant could be derived, then using thisl ldibnstant to calculate a new, . This
process was repeated until no additional improvenmethe fit could be obtained. The error in
estimating the Hill constant was calculated by meaag the slopes of Hill plots constructed
using the maximum and minimum values estimated\gs, in order to determine the Hill

constant’s range.

3.9.5 Determination of the true kinetic constantsdr the oxidation of G6P by NAD as

catalyzed by NtdC

Assays were performed in a one millilitre volumentaining AMP-HCI (100 mM) and
NtdC (1.5pg) at 25°C and pH 9.2. The concentrations of G6P |(80-2000 uM) and NAD'
(30 uM-1000 uM) were varied. All assays were performed at l&astuplicate. The program
Leonora® was used for the non-linear, least-squares fitfthe initial rate data to the equation
describing Michaelis-Menten kinetics for a ternagmplex mechanism with and without the
inclusion of the Hill factor for the B term (Equaris 10 and 11):

V=Vmax-A-B/[Ka Kng+Kng:-A+Kna-B+A:B] (10)
V:Vmax'A'gl/[KiA'S).SB'*'S).SB'A"'KmA'§+A'B] (11)
where v represents the initial rate at a given eatration of substrates A and By represents

the maximum initial rate at saturating A and B, épmesents the concentration of the first

substrate to bind, B represents the concentrafitheosecond substrate to biridiepresents the
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Hill factor, Kia represents the Michaelis term for the inhibitidrih@ binding of substrate B by a
lack of substrate A, kg represents the Michaelis constant for the secahdtsate in a non-
cooperative systenfyss represents the concentration of B at which haW @i is obtained in a
cooperative system, and,K represents the Michaelis constant for the firbtstnate. The value
of the Hill constant was determined iterativelynfrahe slopes of the Hill plots generated from

the initial rates.

While searching for an alternative explanatiomégative cooperativity, the data were
also fitted to the Michaelis-Menten model descmpinternary complex mechanism that exhibits
substrate inhibition by the second substrate (Egual2) and the model describing an

equilibrium ordered mechanism (Equation 13):

V:Vmax'A'B/[KA'KmB+KmB'A+KmA'B+(A'B)'(1+B/§B)] (12)

V=Vimax- A-B/[Ka - Kng + Kmg - A+A - BJ (13)

where Kig represents the Michaelis constant for the intohitof the reaction by the second

substrate.

3.9.6 Determining the inhibitory effect of NADH onG6P and NAD' binding

Assays were performed in a one millilitre volument@ining AMP-HCI (100 mM) and
NtdC (1.49ug) at 25°C and pH 9.2. In one set of experiments, the aunagon of G6P was
fixed (2 mM), while the concentrations of NAand NADH were varied. In another set of
experiments, the concentration of NAWas fixed (0.2 mM), while the concentrations ofPFG6
and NADH were varied. All assays were performedleaist in duplicate. The program
Leonora®™ was used for the non-linear, least-squares fitinte initial rate data to the equations
describing Michaelis-Menten kinetics with terms dégmg competitive inhibition, uncompetitive

inhibition, or both (mixed inhibition) (Equationg 115, and 16, respectively):

Vapp= Vmaxapp. A/ [Kmapp . (1 +1/ Kcapr) + A] (14)
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VAP = V8PP A KPP+ A - (1 + 1 K9] (15)

VA= Vg 2P AL Kl (1 + 1K) + A (1417 K] (16)

where ¥ represents the apparent initial rate at a giverteotration of the varied substrate and
inhibitor, Vmax ™" represents the apparent maximum initial rate tatrating concentrations of the
varied substrate, A represents the concentratiorthef varied substrate, | represents the
concentration of inhibitor, IK°° represents the apparent Michaelis binding consianthe
varied substrate, K® represents the apparent Michaelis competitivebitibin constant of the
inhibitor, and K,%*" represents the apparent Michaelis uncompetitibébition constant of the
inhibitor. These are apparent values and not H#alees, as they are only valid while the
concentration of the fixed substrate remains ungbdn For the inhibition of G6P binding by
NADH, the initial rate data were fit to the equatodescribing Michaelis-Menten kinetics with
terms denoting competitive inhibition, uncompettimhibition, or both (mixed inhibition), with
the inclusion of the Hill factor for substrate bimgl (Equations 17, 18, and 19):

V= Vi B0 A [S (1 + 1/ K + AT )
VP Vil AT [Sps™P+ AN (L4 1/ K] (19
Vapp: Vmaxapp' Ah/ [S).Sapp' (1 +1/ Kcapr) + Ah . (1 +1/ Kuapll)] (19)

3.9.7 Determination of mutant activity

Initial assays were performed in a one milliliim@ume containing AMP-HCI (100 mM),
G6P (2 mM), and NAD (1 mM) at 25°C and pH 9.2. The concentrations of the H180Y, 04,8
H180A, D176N, and K227R mutants ranged from&yfmL to 16.4ug/mL.

For H180N, a pH profile was constructed in a simifaanner as above. Assays were

performed in a one millilitre volume containing §4HCI (100 mM), or AMP-HCI (100mM),
G6P (10 mM), NAD (5 mM), and H180N (11.5g) at 25°C and varying pH. The pH of the
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reaction mixtures were remeasured after the assaycamplete to account for any pH change

over the course of the reaction. All assays weréopmed at least in duplicate.

The apparent Michaelis constants were then defimeti180N. Assays were performed
in a one millilitre volume containing AMP-HCI (1066M) and H180N (11.5g) at 25°C and pH
9.2. In one set of experiments, the concentratbrG6P was fixed (150 mM) while the
concentrations of NAD and NADH were varied. In another set of experitsgrthe
concentration of NAD was fixed (4 mM) while the concentrations of GaiRl NADH were

varied. All assays were performed at least in idaps.

3.10 Synthesis of Kanosamine

The synthesis of kanosamine was performed similahé method reported with the
exception of the installation of a tosyl group ead of a triflate group for nucleophilic
displacement and the use of catalytic hydrogendioRd/C instead of reduction of the azide by
LiAIH .M

3.10.1 1,2;5,6-Di-O-isopropylidenef3-L-lyxo-hex-3-ulose (2)

A mixture of the diacetone of glucosé) ((9.27 g, 35.7 mmol) and pyridinium
dichromate (10.2 g, 26.4 mmol) was dried in an oaem@10°C for one hour. The mixture was
allowed to cool to room temperature under argooigeddding freshly distilled DCM (100 mL),
followed by acetic anhydride (10.2 mL, 108 mmol)he solution was refluxed with stirring for
3.5 hours. DCM was removed under reduced presgigiding a black, oily solid, which was
resuspended in ethyl acetate. Large pieces wasbed into smaller particles. The solution was
stirred vigorously for 20 minutes in order to extr@ompound?2 from the solid pyridinium
dichromate pieces. The solution was filtered tgtowcelite to remove solid pyridinium
dichromate, and the solvent removed under redupeskpre, yielding a black oil. This oil was
loaded onto a 1.5 inch plug of silica and elutethvathyl acetate in order to remove colour.
Fractions containing compourfdwere pooled and the solvent removed under redpoessure
to yield a pale green oil that smelled faintly afeac anhydride. Compoun® was used

immediately in the next step.
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3.10.2 1,2;5,6-Di-O-isopropylidenef3-D-allofuranose (3)

Compound? was diluted in 56% ethanol (40 mL). A solutionsaidium borohydride
(1.67 g, 44.5 mmol) in deionized water (46 mL) veasled, slowly, with stirring. The reaction
mixture was allowed to stir overnight. Ethanol wamoved under reduced pressure to yield a
pale blue solution which was extracted three tinvéh ethyl acetate. The organic phase was
dried with anhydrous magnesium sulfate and vaculierdd. Solvent was removed in vacuo,
yielding compound as a white solid (7.96 g, 86% from compound The'H NMR spectrum

was consistent with that report&d.

IH NMR (500 MHz, CDCJ): & 5.95 (d,J = 3.6 Hz, 1H), 4.54 (d] = 3.6 Hz, 1H), 4.38-4.31 (m,
2H), 4.18 (dd,) = 8.6, 6.2 Hz, 1H), 4.08 (dd,= 7.5, 2.7 Hz, 1H), 3.98 (dd,= 8.6, 5.4 Hz, 1H),
2.48 (d,J = 3.6 Hz, 1H), 1.50 (s, 3H), 1.45 (s, 3H), 1.373(d), 1.32 (s, 3H).

XN
N

3

3.10.3 1,2;5,6-D-isopropylidene-3-O-tosyl-3-D-allofuranose (4)

Compound3 (3.44 g, 13.2 mmol) was added to a stirring sofutrf p-toluenesulfonyl
chloride (7.13 g, 37.3 mmol) in pyridine (34 mL)he reaction mixture was allowed to stir
under argon for three days. The reaction was dqueshby the slow addition of water (20 mL).
The solution was allowed to stir for ten minutesd ghen slowly poured into a vigorously
stirring solution of ice water (400 mL). Vacuumitrition resulted in a white powder
contaminated with p-toluenesulfonic acid. Thedaelias dissolved in ethyl acetate and washed

three times with a saturated sodium bicarbonatetisol The organic phase was dried with
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anhydrous magnesium sulfate and vacuum filtereemd¥al of the solvent under reduced
pressure yielded compourias a white solid (5.17 g, 94%). Thed NMR spectrum was

consistent with that of a diisopropylidene of aflgmssessing a tosyl group.

'H NMR (500 MHz, CDCJ): 5 7.87 (d,J = 8.3 Hz, 2H), 7.34 (d] = 8.1 Hz, 2H), 5.76 (d] = 3.0
Hz, 1H), 4.65 (ddJ = 3.1, 2.3 Hz, 2H), 4.25-4.09 (m, 2H), 3.93 (dd; 8.4, 6.8 Hz, 1H), 3.78
(dd,J = 8.4, 6.7 Hz, 1H), 2.45 (s, 3H), 1.53 (s, 3H}21(s, 3H), 1.30 (s, 3H), 1.28 (s, 3H).

3.10.4 3-Azido-3-deoxy-1,2;5,6-di©-isopropylidene{f3-D-glucofuranose (5)

Oven-dried (4 hours at 11%) sodium azide (18.3 g, 281 mmol) was added to a
stirring solution of compound (11.6 g, 28.1 mmol) in dry DMF (113 mL) under amasphere
of argon. The reaction mixture was heated at AS@or 24 hours. Solid sodium azide was
removed by vacuum filtration. DMF was removed @8 under reduced pressure, yielding a
dark sludge which was dissolved in ethyl acetatt washed three times with deionized water
and once with brine. The organic phase was drigd anhydrous magnesium sulfate and
vacuum filtered. Removal of the solvent under oedlpressure yielded a brown oil containing
the starting materiad and compound. This oil was loaded onto a silica gel column ahded
with a 5:1 mixture of hexanes and ethyl acetatbe 3tarting materia$4, was isolated (0.74 g,
6.4%) as well as compourl(7.03 g, 88%). ThéH NMR spectrum was consistent with that

reported:*?
'H NMR (500 MHz, CDCJ): 6 5.85 (d,J = 3.5 Hz, 1H), 4.62 (d] = 3.6 Hz, 1H), 4.24 (dt] =

9.6, 5.0 Hz, 1H), 4.14 (dd,= 8.7, 6.1 Hz, 1H), 4.11-4.06 (m, 2H), 3.98 (d¢ 8.7, 4.8 Hz, 1H),
1.51 (s, 3H), 1.43 (s, 3H), 1.36 (s, 3H), 1.334).
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3.10.5 3-Amino-3N-Boc-3-deoxy-1,2;5,6-di@-isopropylidenef3-D-glucofuranose (6)
Palladium (10% on carbon, 0.25 g) was added ttirang solution of compound

(2.46 g, 8.63 mmol) and dibutyl dicarbonate (2.26 g, 10.4 mmol) in methaf2dl mL). The
reaction vessel was sealed tightly and the atmespdspirated and replaced with hydrogen gas
three times. The reaction was allowed to proceed®fdays under an atmosphere of hydrogen
gas. The solution was filtered through celite &l order to remove solid palladium on carbon
before the solvent was removed under reduced preesdine resulting clear oil was loaded onto
a silica gel column and eluted with a 4:1 solutminhexanes and ethyl acetate. Fractions
containing compoun@ were pooled. The solvent was removed under retpeessure, yielding
compound6 (2.90 g, 98%). ThéH NMR spectrum was consistent with Aboc protected

diisopropylidene of glucose.

'H NMR (500 MHz, CDCY): & 5.79 (d,J = 3.0 Hz, 1H), 5.31 (s, 1H), 4.55 (s, 1H), 4.271(),
4.16-3.99 (m, 3H), 3.80 (s, 1H), 1.44 (s, 3H), 188 12H), 1.29 (s, 3H), 1.24 (s, 3H).

3.10.6 Kanosamine-HCI (7)

Compounds (2.41 g, 7.02 mmol) was dissolved in an aqueoligiea of hydrochloric
acid (2M, 100 mL) and stirred overnight. Removhlh®e solvent under reduced pressure was
aided by the addition of toluene as a coevapoharettimes. The resulting oil was placed under

high vacuum overnight to yield wet compourdas a sticky gum (1.67 g). Despite extended
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drying under high vacuum, not all of the water cobe removed. Th#H NMR spectrum was
consistent with that reportédf

'H NMR (500 MHz, BO): & 5.21 (d,J = 3.5 Hz, 1H), 4.67 (d] = 7.7 Hz, 1H), 3.88-3.77 (m,
4H), 3.76-3.66 (M, 4H), 3.61 (td,= 9.9, 4.1 Hz, 2H), 3.51 (ddd= 9.5, 5.3, 2.1 Hz, 1H), 3.42-
3.32 (m, 2H), 3.18 (1) = 10.3, 1H).

13C NMR (500 MHz, RO): 8 96.1 (s), 91.2 (s), 76.8 (s), 71.2 (s), 70.568)1 (s), 66.0 (s), 65.9
(s), 60.2 (s), 60.0 (s), 57.9 (s), 55.1 ().

HO

CIHN ™

OH

3.11 Synthesis of Neotrehalose
Neotrehalose was synthesized using the methodideddry Ronnovet al.”®

3.11.1 2,3,4,6-Tetra@-acetyl-1-S-thiophenol-3-D-glucopyranose (9)

A process similar to that reported was followedcept the final compound was
isolated by crystallization instead of column chetagraphy® Glucose (4.00 g, 22.2 mmol)
was suspended in acetic anhydride (10.9 mL, 113 Iinamaler an atmosphere of argon. The
stirring suspension was cooled t8@ before the addition of one equivalent of hydrahbimacid
(33% in acetic acid) (3.9 mL, 22.2 mmol). The s$oln was allowed to warm to room
temperature and react for 20 minutes. The solutias cooled to GC before the dropwise
addition of two additional equivalents of hydrobiioracid (33% in acetic acid) (7.8 mL, 44.4
mmol). The reaction mixture was allowed to warnrdom temperature and react three hours,

resulting in the complete disappearance of solicage. The solvent was removed under
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reduced pressure, thrice aided by the additionlaEhe as a coevaporant. Thiophenol (3.40 mL,
33.3 mmol), TBAHS (1.12 g, 3.3 mmol), an aqueousitemn of sodium carbonate (1 M, 117
mL), and DCM (84 mL) were added in series. Thetiea mixture was stirred vigorously for
one hour and turned from clear, to black, to annbénat time. The reaction mixture was diluted
with DCM (100 mL) and washed once with an aquealstion of sodium hydroxide (1M) and
twice with deionized water. The organic phase aiasd with anhydrous magnesium sulfate,
and then vacuum filtered. The solvent was remanedcuo, leaving a pungent, yellow oil that
formed oily, yellow crystals overnight. These wegerystallized from a hot solution of hexanes
and ethyl acetate. Vacuum filtration resulted umgpcompoun® as white, fluffy crystals (3.34

g, 34%).

'H NMR (500 MHz, CDCJ): & 7.52-7.48 (m, 2H), 7.35-7.30 (m, 3H), 5.23)& 9.4 Hz, 1H),
5.05 (t,J = 9.8 Hz, 1H), 4.98 (1) = 9.7 Hz, 1H), 4.77 (d] = 10.1 Hz, 1H), 4.25-4.16 (m, 2H),
3.73 (dddJ = 9.5, 4.7, 2.2 Hz, 1H), 2.09 (s, 3H), 2.09 (s),3H02 (s, 3H), 1.99 (s, 3H).

OAcC

ACO%
AcO SPh

AcO

3.11.2 2,3,4,6-Tetrad-benzyl-1-S-thiophenol3-D-glucopyranose (10)

Compound® (3.34 g, 7.59 mmol) was dissolved in boiling meibig(30 mL). Sodium
metal (0.018 g, 0.76 mmol) was added and the solwllowed to reflux for ten minutes. The
reaction mixture was cooled and the solvent remoaweder reduced pressure, aided by the
addition of toluene three times as a coevaporartie resulting solid was placed under high
vacuum for 20 minutes to remove any additional @aly The intermediate was dissolved in dry
DMF (80 mL) under an atmosphere of argon. A 60% wlispersion of sodium hydride in
mineral oil (1.46 g, 36.4 mmol) was added, caushmegreaction mixture to turn cloudy. The
reaction mixture was allowed to stir for 30 minutefore the addition of TBAI (1.12 g, 3.03
mmol) and benzyl bromide (4.33 mL, 36.4 mmol). Tkaction mixture was allowed to stir

overnight and had cleared by morning. TLC showedtaomplete reaction. Additional sodium
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hydride (0.73 g, 18.2 mmol) was added; the reactiotiure turned cloudy. The suspension was
allowed to stir for 30 min before the addition afrizyl bromide (2.16 mL, 18.2 mmol). The
reaction mixture was allowed to stir overnight. eTéplution was concentrated to a thick oil
under reduced pressure. The oil was diluted wililgl@cetate and washed twice with deionized
water and once with brine. The organic phase wias dvith anhydrous magnesium sulfate, and
then vacuum filtered. The solvent was removed unelfuced pressure, yielding crude crystals,
which were recrystallized from a solution of hotxaees and ethyl acetate. After vacuum
filtration, compoundLO was recovered as yellowish, fluffy crystals (3¢,378%). The mother
liguor was reduced in vacuo to leave a yellow oilhe addition of hexanes precipitated
additional compound which was recrystallized froot hexanes to yield small, sharp, yellowish
crystals (0.19 g, 4%). In total, 3.92 g of compd® were recovered (82%). THE NMR
agreed with that reportéd’

'H NMR (500 MHz, CDCJ): & 7.63-7.57 (m, 2H), 7.43-7.17 (m, 23H), 4.98-4.81, 4H), 4.74
(d,J=10.3 Hz, 1H), 4.68 (d, = 9.8 Hz, 1H), 4.65-4.53 (m, 3H), 4.80 (dds 10.7, 1.5 Hz, 1H),
3.77-3.69 (m, 2H), 3.66 (§,= 9.3 Hz, 1H), 3.56-3.49 (m, 2H).

Bn

BnO

BnO SPh
: BnO
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3.11.3 2,3,4,6-Tetrad-benzylD-glucose (11)
A procedure similar to that reported was follow&d. Compound10 (2.44 g, 3.85

mmol) was dissolved in a 9:1 solution of acetong w&ater (40 mL). N-Bromosuccinimide (1.37
g, 7.70 mmol) was added and the solution allowedtitofor five minutes. The reaction was
guenched by the addition of sodium bicarbonate8(3)y. The solution was stirred for ten
minutes before removal of the solvent under redyredsure. The resulting solid was dissolved
in ethyl acetate and washed with deionized watéit tire pH of the washes was neutral. The
organic phase was washed with brine, dried withydrdus magnesium sulfate, and then

vacuum filtered. Cottony crystals formed in thewam flask. These were recrystallized from a
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hot solution of hexanes and ethyl acetate to yeettlemely fluffy, white crystals (1.01 g, 49%).
The mother liquor was concentrated under reducesspre to yield more crystals. These were
recrystallized as before to yield very slightlylgel, fluffy crystals (0.40 g, 19%). The mother
liquor was recrystallized once more to yield idealj light yellow crystals (0.48 g, 23%). In
total, 1.89 g of compountil were recovered (91%). THel NMR spectrum agreed with that

reported-®°

'H NMR (500 MHz, CDCY): & 7.39-7.26 (m, 18H), 7.17-7.14 (m, 2H), 5.23 (d¢; 2.8, 2.8 Hz,
1H), 4.94 (d,J = 10.9 Hz, 1H), 4.87-4.75 (m, 3H), 4.69 {ds 11.8 Hz, 1H), 4.60 (d} = 12.2 Hz,
1H), 4.52-4.47 (m, 2H), 4.03 (dddi= 10.2, 3.5, 2.1 Hz, 1H), 3.96 {t= 9.3 Hz, 1H), 3.71 (dd}
= 10.6, 3.7 Hz, 1H), 3.67-3.57 (m, 3H), 2.88-2.82 {H).

OBnN

B”O%
BnO BNO

OH
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3.11.4 2,3,4,6-Tetrad-benzyl-1-O-(trichloroacetamidyl)- D-glucopyranose (12)

Compound 11 was synthesized using the methodtegptor the synthesis of 2,3,4-tri-
O-acetyl-I-fucopyranos&’. Compoundl1 (0.50 g, 0.92 mmol) was dissolved in a solution of
freshly distilled DCM (5 mL) and trichloroacetoriliér (0.99 mL, 9.20 mmol). A 60% w/w
dispersion of sodium hydride in mineral oil (59 migb mmol) was added and the solution
allowed to stir overnight under an atmosphere goar The reaction mixture was filtered
through celite and loaded onto a silica gel colur@@mpoundl2 was eluted with a 3:1 solution
of hexanes and ethyl acetate. The solvent was vednainder reduced pressure to yield
compoundl? as a yellow oil (0.55 g, 87%). Compoub®was isolated as primarily the alpha

anomer with am:(-ratio of roughly 12:1.
'H NMR (500 MHz, CDCJ): 5 8.58 (s, 1H), 7.35-7.27 (m, 18H), 7.19-7.11 (m),26453 (d,J =
3.4 Hz, 1H), 4.96 (d) = 10.9 Hz, 1H), 4.87-4.80 (m, 2H), 4.75 {ds 11.7 Hz, 1H), 4.68 (d] =

11.7 Hz, 1H), 4.61 (d) = 12.0 Hz, 1H), 4.52 (d] = 10.6 Hz, 1H), 4.47 (d] = 12.1 Hz, 1H),

105



4.05 (t,J = 9.4 Hz, 1H), 3.98 (ddd] = 10.2, 3.5, 2.1 Hz, 1H), 3.82-3.74 (m, 3H), 3(6d, J =
10.9, 1.7 Hz, 1H).

OBn

Q
BnO NH

BnO BNnO J\

0~ “ccly
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3.11.5 2,2,3,3,4,4',6,6'-Octad-benzylneo-trehalose (13)

The procedure reported by Ronneival. was followed’® Compoundl1 (0.336 g,
0.621 mmol) was dissolved in freshly distilled DQ¥7 mL) along with 1.3 equivalents of
freshly prepared compourd® (0.554 g, 0.808 mmol). Silver triflate (0.20703805 mmol) was
added. The reaction mixture was allowed to stithe dark under an atmosphere of argon for
three days. The solvent was removed under redpissure and the resulting oil was loaded
onto a long column of silica gel. The oil was etliwith a 19:1 solution of toluene and ethyl
acetate. Fractions containing the starting alcdiolvere pooled and the solvent removed in
vacuo to yield a white solid (0.114 g, 15%). A@a$ containing mainlyt3 were pooled and the
solvent removed under reduced pressure to yieldhiewcrystalline solid (0.153 g). The
remaining fractions containing an unseparable mexbf13, 14, and an unidentified compound
were pooled. The solvent was removed in vacuo,th@adesulting oil was loaded onto another
column of silica gel and eluted with the same sulv@/stem as above. Fractions containing
mostly purel3 were pooled and the solvent removed in vacuo étdya light yellow solid (27
mg). The remainind.3 was not separable frod¥ by silica gel column chromatography, even
after repeated attempts. Both fractions of compdiBwere pooled and recrystallized from hot
chloroform, yielding the unidentified, primary camtinant (42 mg). The solvent from the
mother liquor was removed in vacuo and the resylwolid recrystallized again to yield

compoundl3 as a white, crystalline precipitate (96 mg, 15%).
'H NMR (500 MHz, CDCJ): & 7.35-7.13 (m, 40H), 5.17 (d,= 3.3 Hz, 1H), 5.11 (d] = 11.5

Hz, 1H), 4.97 (d,J = 10.9 Hz, 1H), 4.92 (d] = 10.9 Hz, 1H), 4.88-4.74 (m, 5H), 4.67 (4=
12.2 Hz, 2H), 4.59 (d] = 7.8 Hz, 1H), 4.55 (d] = 10.8 Hz, 1H), 4.48 (m, 4H), 4.29 @@= 12.1
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Hz, 1H), 4.16 (dddj = 10.2, 4.3, 2.1 Hz, 1H), 4.09 (t= 9.4 Hz, 1H), 3.76 (t = 9.6 Hz, 1H),
3.68-3.56 (M, 6H), 3.55-3.47 (M, 2H), 3.45 (ddd; 9.6, 4.1, 2.0 Hz, 1H).

OBnN

OBn (@]
0 Bno%
BnO BnO BnO BnO
BnO n +
BnO IBhO OBn Q OBn
00 m
OBn BnO OBn
BnO
13 14

3.11.6 Neotrehalose (15)

Compoundl3 (20 mg) was dissolved in a suspension of palladil@8 on carbon, 2
mg) in methanol (2 mL). The atmosphere was asgrand replaced with hydrogen gas three
times. The reaction mixture was allowed to stideman atmosphere of hydrogen gas overnight,
and then filtered through celite. The solvent wa®oved in vacuo to yield compoudd as a

clear syrup (7 mg, 100%).

'H NMR (500 MHz, BO): & 5.18 (d,J = 3.1 Hz, 1H), 4.59 (d] = 7.9 Hz, 1H), 3.92-3.61 (m,
6H), 3.58-3.27 (M, 6H).

OH

o]

HO&
HO H
OH | HO
OH
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3.12  Synthesis 08-[*H]-D-glucose
The synthesis of 3H]-D-glucose was performed according to the publistredgaiure,

with the substitution of a trifyl group insteadafosyl group for nucleophilic displaceméftt.
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3.12.1 3-fH]-1,2;5,6-Di-O-isopropylidene-p-allofuranose (16)

Compound2 (0.500 g, 1.94 mmol) was dissolved in a 56% sofutdd ethanol in
deionized water (2.2 mL). A solution of sodium ddeuteride (0.10 g, 2.4 mmol) in deionized
water (2.5 mL) was added slowly. The reaction omtwas allowed to stir overnight. The
ethanol was removed under reduced pressure andrtfening water extracted thrice with ethyl
acetate. The organic phase was dried with anhgdmagnesium sulfate, and then vacuum
filtered. The solvent was removed in vacuo, legwiompoundl6 as a white, crystalline solid
(0.431 g, 85%). ThéH NMR spectrum was identical to that of the diiszplidene of allose
with the omission of the signal for the hydrogenCaB and the absence of its corresponding

coupling.

'H NMR (500 MHz, CDCY): & 5.82 (d,J = 3.8 Hz, 1H), 4.62 (d] = 3.8 Hz, 1H), 4.32 (di] =
6.5, 5.0 Hz, 1H), 4.09 (dd,= 8.4, 6.7 Hz, 1H), 4.02 (dd,= 8.4, 6.7 Hz, 1H), 3.82 (d,= 4.6
Hz, 1H), 2.52 (s, 1H), 1.58 (s, 3H), 1.47 (s, 3HR9 (s, 3H), 1.38 (s, 3H).

XN
o
HO 07\
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3.12.2 3-fH]-1,2;5,6-Di-O-isopropylidene-3-O-triflyl- B-D-allofuranose (17)

Compoundl6 (2.50 g, 9.59 mmol) was dissolved in freshly dedti DCM (20 mL).
Sodium hydroxide dried pyridine (1.6 mL) was added the reaction mixture cooled to -%D.
Triflic anhydride (1.93 mL, 11.5 mmol) was addedplvise over ten minutes and the reaction
mixture allowed to stir an additional 30 minutes-2@ °C. The reaction was quenched by the
addition of methanol (1 mL). The reaction mixtuvas raised to room temperature and washed
twice with deionized water. The organic phase d@&sd with anhydrous sodium sulfate, and
then vacuum filtered. The solvent was removedoatr temperature under reduced pressure,

yielding an oily, yellow solid. Compouri¥ was used immediately in the next step.
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3.12.3  3-fH]-3-O-benzoyl-1,2;5,6-DiO-isopropylidenef-D-glucofuranose (18)

Freshly prepared compountl7 was dissolved in dry DMF (100 mL) under an
atmosphere of argon. Oven-dried (24 hours at’C}&odium benzoate (6.96 g, 48.0 mmol) was
added. The solution was stirred vigorously at’°60for eight hours. The sodium benzoate
swelled up so that the reaction mixture becamelysatid. DMF was partially removed at 80
°C under reduced pressure. The remaining whited seks dissolved in chloroform and
deionized water. The organic phase was washecdh $gwes with deionized water, once with an
ice-cold, aqueous solution of sodium hydroxide (Ldf)ce with a saturated sodium bicarbonate
solution, and once with brine. The organic phaas dried with anhydrous magnesium sulfate,
and then vacuum filtered. The solvent was remowvegtacuo to yield a thick, yellow oil.

Compoundl8 was not purified further before deprotection @& tenzoyl group.

3.12.4 3-fH]-1,2;5,6-Di-O-isopropylidenef-D-glucofuranose (19)

Compoundl8 was dissolved in refluxing methanol (40 mL). Sodimetal (50 mg, 2
mmol) was added and the reaction mixture allowerkeflux for ten minutes. The solvent was
removed under reduced pressure, yielding a yeltdid.s This solid was dissolved in an aqueous
solution of sodium hydroxide (1M) and extractedrfomes with chloroform. The organic phase
was dried with anhydrous magnesium sulfate, and teecuum filtered. The solvent was
removed under reduced pressure to yield a yellohd,savhich was recrystallized from hot

ligroin. The resulting white crystals smelled vabyuof benzoic acid. They were dissolved in an
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agueous solution of sodium hydroxide (1M) and etéd four times with chloroform. The
organic phase was dried with anhydrous magnesidfatsuand then vacuum filtered. The
solvent was removed under reduced pressure to gieldhite solid, which was recrystallized
from hot ligroin. Compound9 was obtained as white, long, fluffy, crystals 8187% from
compoundl6). The'H NMR spectrum was identical to that of the diismpflidene of glucose
with the omission of the signal for the hydrogenCa8 and the absence of its corresponding

coupling.

'H NMR (500 MHz, CDCY): & 5.96 (d,J = 3.6 Hz, 1H), 5.54 (d] = 3.6 Hz, 1H), 4.35 (di] =
7.3, 5.9 Hz, 1H), 4.18 (dd,= 8.6, 6.2 Hz, 1H), 4.08 (d,= 7.5 Hz, 1H), 3.98 (dd] = 8.6, 5.4
Hz, 1H), 2.46 (s, 1H), 1.50 (s, 3H), 1.45 (s, 3HB2 (s, 3H), 1.38 (s, 3H).

Doj\

19

3.12.5 3-fH]-D-glucose (20)

Compound19 (1.00 g, 3.85 mmol) was dissolved in a stirringEnsion of acid
Dowex 50X-80 (0.5009) in deionized water (50 md)e reaction mixture was heated at’80
for 24 hours. The Dowex was removed by vacuumafittn and the water removed in vacuo
over two days to yield compourd as a yellowish glass (0.703g). Some water rerdaieeen
after additional drying time. The:p ratio was 1:1.3. Mp = 25-3&. The'H NMR spectrum
was identical to that of glucose with the omiss@inthe hydrogen attached to C-3 and the
absence of its corresponding coupling. Ti@ NMR spectrum agreed with that reported where

no coupling between the deuteron and C-3 was obder
H NMR (500 MHz, BO): 3 5.19 (d,J = 3.7 Hz, 1H), 4.60 (d] = 8.0 Hz, 1.3H), 3.85 (dd}, =

12.3, 2.0 Hz, 1.3H), 3.83-3.76 (m, 2H), 3.76-3.6% 2.3H), 3.49 (dJ = 3.7 Hz, 1H), 3.45-3.39
(m, 1.3H), 3.37 (dJ = 4.9 Hz, 1.3H), 3.35 (d} = 5.2 Hz, 1H), 3.20 (d] = 7.9 Hz, 1.3H).
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13C NMR (500 MHz, DO): 5 95.9 (s), 92.1 (s), 75.9 (S), 74.0 (s), 71.478)4 (s), 69.5 (s), 69.5
(s), 60.7 (s), 60.6 (s).

OH

o)
Hoﬁg
HO o

D OH
20

3.13 Synthesis of 3-Deoxy-3-fluor@-glucose
The route directed towards the synthesis of 3-d&lyoro-D-glucose was similar to
that published™®

3.13.1 1,2;5,6-D-isopropylidene-3-O-triflyl- B-D-allofuranose (21)

Compound3 (0.458 g, 1.76 mmol) was dissolved in freshly illest DCM (5 mL).
Sodium hydroxide dried pyridine (0.30 mL) was added the reaction mixture cooled to &0
Triflic anhydride (0.35 mL, 2.1 mmol) was added plrdse over ten minutes and the reaction
mixture allowed to stir an additional 30 minutes-2@ °C. The reaction was quenched by the
addition of methanol (1 mL). The reaction mixtuvas raised to room temperature and washed
twice with deionized water. The organic phase d@&sd with anhydrous sodium sulfate, and
then vacuum filtered. The solvent was removedoahr temperature under reduced pressure,

yielding an oily, yellow solid. Compourll was used immediately in the next step.

3.13.2 3-Deoxy-3-fluoro-1,2;5,6-DE-isopropylidenef3-D-glucofuranose (22)
Freshly prepared compoun#ll was dissolved in dry DMF (20 mL) under an

atmosphere of argon. Oven-dried (24 hours at°C)Cesium fluoride (0.80 g, 5.3 mmol) was
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added and the reaction mixture stirred vigorouslga°C for five hours. The reaction mixture
had turned slightly orange by this point. The bafkthe DMF was removed at € under
reduced pressure. The remaining sludge was paeii between chloroform and an aqueous
solution of hydrochloric acid (0.1M). The aquegimsase was extracted thrice with chloroform.
The organic phase was dried with anhydrous magmesulfate, and then vacuum filtered. The
solvent was removed in vacuo to yield an orange Bilis oil was loaded onto a short column of
silica gel and eluted with a 4:1 solution of hexarmad ethyl acetate. Fractions containing
compound22 were pooled and the solvent removed in vacuo et ya colourless oil (0.368 g,
80%).

'"H NMR (500 MHz, CDCJ): 5 5.95 (d,J = 3.7 Hz, 1H), 5.01 (dd] = 49.8, 2.0 Hz, 1H), 4.70 (dd,

J=10.7, 3.7 Hz, 1H), 4.29 (d1,= 8.1, 5.7 Hz, 1H), 4.17-4.06 (m, 2H), 4.04 (dd; 8.8, 4.7 Hz,
1H), 1.50 (s, 3H), 1.45 (s, 3H), 1.37 (s, 3H), (833H).
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Chapter 4: Conclusions

° ntdA, ntdB, andntdC were successfully subcloned into pET-28b

) NtdC was expressed in Bl21 (DE3) cells and putifte homogeneity using nickel-
affinity chromatography

° NtdC was identified as an NARlependent glucose 6-phosphate dehydrogenase

° NtdC was found to have sub-millimolar affinity fats substrates and a specificity
constant for its sugar substrate similar to otligias dehydrogenases

° NtdC likely obeys a ternary complex mechanism,ibwstigation of the reverse reaction
will be necessary to confirm this

° The greatly impaired nature of D176 and H180 mistasupport the presence of a

catalytic dyad created by these two residues

° Kanosamine has been synthesized

° Neotrehalose has been successfully synthesized

) 3-[’H]-D-glucose has been synthesized in high yield, besdmt possess the properties
of D-glucose

) The diisopropylidene of 3-deoxy-3-fluomglucose has been synthesized by
displacement of a trifyl group with cesium fluoriddgth a yield comparable to that

reported in the best syntheses using DAST.

Ochi et al. believed thantdA, ntdB, and ntdC encoded for the only structural genes
involved in NTD biosynthesi$. Scheme 1.2 displays the simplest biosynthetiovpay possible
if this were the case. However, this route se@usimple given NtdC's identity as a glucose 6-
phosphate dehydrogenase. Most biological glyctisylareactions require that the glycosyl
donor be activated as an NDP-sugar. However, @nk4fL, which is a component of
kanosamine biosynthesis An mediterranei, NtdC does not appear to accept NDP-sugars. éAt th
same time, NtdA is structurally similar to membefghe Vig subfamily of aminotransferases,

which recognize 3-oxo-sugar pyranoses. This suggdgsmt NtdC is only responsible for
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synthesizing one of the kanosamine subunits offitted NTD molecule. Additionally, NtdB
appears to be a phosphatase. It is improbable ithahould function as novel type of
glycosyltranferase, which would be required for {pethway in Scheme 1.2 to be correct.
Instead, it most likely functions to hydrolyze thbosphate introduced by G6P at some point
during NTD’s synthesis. The resulting possiblehpatys (Scheme 4.1) are much more
complicated than that depicted in Scheme 1.2, reguiat least three additional enzymes to
complete. This is exciting, as. coli is not known to possess either kanosamine or NTD
biosynthetic pathways. It may be possible that esaron-specific reactions are capable of
completing the biosynthesis of NTD, or it may beattk. coli possesses an ancestral, but
incomplete pathway for the synthesis of NTD. Ithei case, this would mean that coli
possesses an enzyme capable of forming,@sglycosidic linkage. Confirming the functions of
NtdA and NtdB through enzymatic assays will helgidate one of the pathways presented
below.
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