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ABSTRACT

5’-Deoxyadenosyl radicals are formed when the S-C5’ bond of S-adenosyl-L-methionine
(SAM) undergoes a one-electron reductive cleavage. The 5’-deoxyadenosyl radical then
abstracts a hydrogen atom from the substrate, RH, forming a substrate-centered radical and 5’-
deoxyadenosine (5’-dAH). Radical SAM enzymes are present in many biochemical pathways,
and most of these enzymes generate 5’ -dAH as a product. Buildup of 5’-dAH would be
detrimental due to product inhibition of Radical SAM enzymes and potentially other SAM-
dependent enzymes. The metabolic fate of 5’-dAH is unknown. Notably, 5’-
methylthioadenosine (MTA), which is structurally similar to 5’-dAH, is also a byproduct of
several SAM-dependent enzymes. The MTA pathway, commonly known as the methionine
salvage pathway, has been partially biochemically characterized in Bacillus subtilis and
Klebsiella pneumoniae. We propose that some of the enzymes in this pathway may be
promiscuous for 5’-dAH. This thesis will first consist of work on the synthesis of 5-deoxyribose
(5dr) and 5-methylthioribose (MTR), the products of the first enzyme in the bacterial MTA
pathway, MTA nucleosidase (MtnN). In this work, we will show that the subsequent enzyme in
the MTA pathway, methylthioribose kinase (MtnK) is also promiscuous and phosphorylates
both 5dr and MTA. The product of the enzyme reaction with 5dr is 5-deoxyribose-1-phosphate
(5-dR1P). A complete structural characterization of this molecule will be described.

Biotin is biosynthesized by the radical SAM enzyme biotin synthase. Biotin is a water-
soluble enzyme cofactor that is not biosynthesized by mammals and is therefore an essential
vitamin in humans. This cofactor is involved in the biosynthesis of fats and carbohydrates and

the metabolism of amino acids. A mechanistic understanding of the chemistry that biotin



synthase catalyzes in its active site may be useful in the discovery of drugs that can treat
infections caused by microbes like E. coli and Mycobacterium Tuberculosis. One useful tool in
probing the mechanism of this enzyme is to examine the kinetic isotope effect (KIE) that occurs
when deuterium is incorporated into the substrate dethiobiotin. The biotin biosynthetic
pathway transforms the C3 methyl group of L-alanine into the C9 methyl group of dethiobiotin.
The second part of my thesis work will focus on the synthesis of mono- or di-deuterated
alanine, which would then be used to biosynthesize mono- or di-deuterated dethiobiotin.
Finally, a novel method for the chemical synthesis of dethiobiotin that begins with a syn-

diamination across an alkene will be described.
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Chapter 1: A Brief Introduction
SAM-dependent enzymes are found in many biochemical pathways

S-Adenosyl-L-methionine (SAM or AdoMet) is a very versatile substrate in biological
systems. SAM is biosynthesized through the stereospecific condensation of methionine (Met)
and adenosine-5’-triphosphate (ATP). While SAM was once thought to be primarily a
methylating agent in biological systems, this metabolite was found to be important in many
other essential biological processes including regulation of gene expression, catabolism of
neurotransmitters, and vitamin biosynthesis. SAM also plays diverse critical roles in the

biosynthesis of many secondary metabolites.! These include, but are not limited to, being a
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Figure 1.1: Several examples of the diverse chemical reactions catalyzed by SAM-dependent enzymes,
which are important in many cell processes.*




y 2+
L
24 00~ 8t NN Fe—S Fld-FMNH- Fld-FMNH"®
e—S NH, 7 /| /‘ .
: o

w
I\
S
| o
n—
o
g
2
Y
mnm—auw
oy
N\
0]
I
n
Z'J/
w
~
Y

2+
* — —
Fe—S Fe—?'
e SQFE/‘ “0,C
"0:C, | S-|—Fe z
S|—Fe
| / Yl VN NI
s H;3N>-\—S+ N NH w1 HN 82 N NH,
- -‘—b o
o N— \N 0] N\g_‘\(N
HO N="/ HO N:/
HO L HO _
NH, NH,

2+
— A7 S —— o, 410
l/ ‘7Fe—ﬂOZC "CHyy NTON7
Fe—S | /\_? q
TD ( OH OH GF o

A
H-R

Figure 1.2: The interaction of SAM with a reduced iron-sulfur cluster, generating the 5’dAH radical,

which initiates chemistry on the substrate.”

source of an amino group (in the synthesis of 7,8-diaminopelragonic acid, a precursor to biotin),
methylene group (in synthesis of cyclopropyl fatty acids), ribosyl group (in the synthesis of
epoxyqgueuosine) or amino propyl group (in the synthesis of ethylene and polyamines).(Figure
1.1)!

The Radical SAM superfamily is a diverse array of enzymes that use SAM as a source of
a 5’-deoxyadenosyl radical.>” Most radical SAM enzymes use this high energy 5’-deoxyadenosyl

radical to abstract a hydrogen atom from proteins or organic substrates, yielding substrate-



Figure 1.3: The Biotin Synthase catalyzed biochemical reaction taking dethiobiotin and two equivalents of 5’-
deoxy adenosyl radical with a [2Fe-2S]?* cluster to form Biotin and 5’-deoxyadenosine.

centered radicals and resulting in rearrangement, bond- forming, and bond-breaking reactions.
All Radical SAM enzymes coordinate a catalytic [4Fe-4S]%* cluster, which is then reduced to the
activated [4Fe-4S]** state by a single electron transfer from an exogenous electron donor such
as a flavodoxin or ferredoxin. The cluster then transfers an electron to the sulfonium center of
SAM. Upon reduction, the carbon-sulfur bond of SAM cleaves homolytically, yielding
methionine and a 5’-deoxyadenosyl radical. This radical then abstracts a hydrogen atom from a
typically unreactive group on a substrate, such as the methyl or methylene groups on biotin
(Figure 1.2) forming 5’-deoxyadenosine.
Biotin is an enzyme cofactor that is an essential vitamin in humans. Biotin synthase

(Figure 1.4) is a radical SAM enzyme that catalyzes the insertion of a sulfur atom between
unreactive methyl and methylene groups in the precursor dethiobiotin. The overall reaction

involves the reduction of two equivalents of SAM to 5’-dAH,® suggesting that two equivalents of




5’-deoxyadenosyl radical remove hydrogen atoms from dethiobiotin at its C9 and C6 position.®

(Figure 1.3) Removal of a hydrogen atom from dethiobiotin generates a substrate-centered
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Figure 1.4 Biotin Synthase is a SAM-dependent enzyme that catalyzes the conversion of dethiobiotin to
biotin.
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Figure 1.5: (A) SAM and some of the main byproducts of SAM-dependent enzymes: (B) 5'-
methylthioadenosine (MTA), (C) S-adenoslyhomocystiene (SAH), and (D) 5’deoxyadenosine

(dAH).




carbon radical, that is then quenched by a [2Fe-2S]?* cluster found nearby in the enzyme active
site, thus providing the sulfur atom to close the thiophane ring and form biotin.

Depending on the metabolic fate of SAM, some of the main adenosyl derivatives that
are produced through enzymatic activity are S-adenosylhomocysteine (SAH),
5’-methylthioadenosine (MTA), or 5’-deoxyadenosine (dAH). (Figure 1.5)? While the

degradation/recycling pathways of MTA and SAH have been
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Figure 1.6: BLAST data and operon of methionine salvage pathway of virulent E.
coli strains




previously reported in some organisms, a pathway involving dAH recycling has not yet been
characterized.? It has previously been determined that lab strains of E. coli do not produce the
enzymes for MTA metabolism. Recent sequencing of wild-type E. coli stains shows a small
operon of conserved genes from the Kyoto Encyclopedia of Genes and Genomes (KEGG) whose
protein products are homologous to K. pneumoniae enzymes that catalyze early steps in MTA
recycling.(Figure 1.6)* The Jarrett lab has expressed and isolated the first four enzymes of this
truncated methionine salvage pathway. (Figure 1.7) Lab strains of E. coli, for example BL21* and
DH5«, have had three of the first 4 enzymes of the methionine salvage pathway genes knocked
out when the bacteria’s virulence was removed. Under nutrient-limiting conditions, these genes
may constitute a dual-function recycling pathway that facilitates metabolic utilization of the

ribose portion of 5’ -methylthioribose and 5’-deoxyribose as a carbon source.
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Figure 1.7: Agarose gel electrophoresis of the selective amplification of cDNA resulting from reverse
transcription of total RNA present in two strains of E. coli, DH5a (left) and J18272 (right). While both strains
show transcription of the housekeeping gene, ADK, and the nucleosidase (MtnN), we see single bands at the
expected number of bases for MtnK, A and B, only in the semi-virulent J18272 strain.




What is the metabolic fate of 5’-deoxyadenosine (5°-dAH)?
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Figure 1.8: Two of the many fates of SAM:

media from E. coli growths show that 5’dAH
5’-deoxyadenosine and 5’ -methlythioadenosine

is not excreted as waste, thus the hypothesis
is that bacteria catabolize and recycle 5’-dAH. 5’-dAH in E. coli and possibly other
proteobacteria is hydrolyzed by a broad specificity nucleosidase, generating adenine and 5’-
deoxyribose. 8° The known metabolic pathways for carbohydrate metabolism require that
pentoses to be phosphorylated on the hydroxyl group of C5.% However, this reaction clearly
cannot occur with the C5 position consisting of a methyl group. 5’-dAH cannot be metabolized
like any other nucleoside due to the replacement of the hydroxyl group on the C5 position with
a methyl group.?® There must be another pathway to salvage 5’dAH to utilize it as a carbon
source.

When SAM undergoes a decarboxylation reaction, enzymes are able to utilize the
aminopropyl or carboxyaminopropyl group from the methionyl portion of SAM, generating 5’-
methylthioadenosine (MTA).! Decarboxylation reactions in enzymes frequently depend on

pyridoxal-5’-phosphate (PLP) or thiamin phosphate as a cofactor for catalysis.



S-Adenosylmethionine decarboxylase belongs to a small class of enzymes that depend on a
pyruvoyl cofactor for the decarboxylation process, producing S-adenosyl-5’-(3-
methylthiopropylamine) (dcAdoMet). Once decarboxylation has occurred, dcAdoMet is now
committed to polyamine biosynthesis. Polyamines, such as spermidine and spermine, are
aliphatic cations critical for cell growth, differentiation and proliferation.'? The enzymes,
spermidine synthase and spermine synthase, catalyze the formation of these polyamines with
5’-methylthioadenosine being a byproduct of this pathway(Figure 1.10)3 Some organisms,
including humans, express the enzymes to recycle 5’-methylthioadenosine directly into L-

methionine, called the ‘methionine salvage’ pathway. (Figure 1.9)*?
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Figure 1.9: Metabolic fate of byproduct 5’-methylthioadenosine to form methionine. Commonly referred to the
Methionine Salvage Pathway (MSP).
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The methionine salvage pathway has been partially characterized in Klebsiella
pneumoniae and Bacillus subtilis, but many bacteria do not seem to carry out the complete
pathway.'® Basic Local Alignment Search Tool (BLAST) search of E. coli lab strains K12 and B
genomes did not reveal any homologous genes of the methionine salvage pathway. (Figure 1.3)
Therefore, the metabolic fate of 5-methylthioribose is unknown in most lab strains of bacteria.
As stated in the previous section, virulent E. coli strains and Mycobacterium tuberculosis do

express some of the genes for the methionine salvage pathway.



The Jarrett Lab has observed that 5’-deoxyadenosine and 5-deoxyribose can be used as
carbon sources for a virulent strain of E. coli, Seattle 1946 (ATCC252922).% This suggests that a
metabolic pathway exists that feeds into primary carbohydrate metabolism, potentially at the
level of glycolysis or pentose phosphate shunt. However, in E. coli K12 and B strains the
phenotype is lost when knocking out its virulence and thus the enzymes for the methionine
salvage pathways are not expressed. These lab strains are unable to us 5dr as a carbon source.
Nevertheless, this exciting discovery is the starting point to determine the fate of SAM by

performing in vitro and in vivo studies.
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We have shown that the first two enzymes in the ‘methionine salvage’ pathway are
promiscuous for both 5’-methylthioadenosine and 5’-deoxyadenosine. Since the pathway for
5’-methylthioribose (MTR) is known, it can be used as a comparison or positive control for

studying 5’-dAH metabolism because of the similarities the molecules and the hypothesized

promiscuity of methionine salvage pathway enzymes. Two species of proteobacteria, E. coli and

K. pneumonia, will be used as representative Gram-negative bacteria, where an intact and
complete methionine salvage pathway has been demonstrated in K. pneumonia.
5’-Methylthioadenosine nucleosidase (MtnN), 5-methylthioribose kinase (MtnK),

5-methylthioribose-1-phosphate isomerase (MtnA), and 5-methyl- thioribose-1-phosphate
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dehydratase (MtnB) are the first four enzymes in the MTR pathway of E. coli. The
specificity/promiscuity of these enzymes will be observed to identify the specific chemical
transformations and the structure of the products in this short pathway. We hypothesize that
the same enzymes will serve as a dual purpose and catalyze the transformation of 5'-dAH. One
outcomes of 5’-dAH has been proposed based on the enzymes from the methionine salvage
pathway. This scheme proposes that succinyl-CoA is the fate of 5°dAH and can be fed back into
the citric acid cycle(Figure 1.11). It has also been proposed to produce dihydroxyacetone
phosphate and acetaldehyde (Figure 1.12). The products of this pathway produce molecules

that are used in glycolysis.*
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Chapter 2: Promiscuity of 5-Methylthioribose Kinase (MtnK)
2.1 Synthesis of 5-Methylthioribose and 5-Deoxyribose
2.1.1 Introduction

Radical S-adenosyl-L-methionine (SAM) enzymes occur in all domains of life and catalyze
diverse reactions via the generation of highly reactive 5’-deoxyadenosyl radicals.! Key pathways
use these enzymes for the formation of important metabolites, for example, the biosynthesis of
thiamin, biotin and molybdopterin.?* 5’-Deoxyadenosyl radicals abstract a hydrogen radical
from diverse substrates, forming 5’-deoxyadenosine (5’-dAH) as a byproduct.®> Currently, the
metabolic fate of this byproduct is unknown. 5’-Methylthioadenosine (MTA) degradation or
recycling is an important pathway in many organisms, as MTA is a toxic byproduct of polyamine
and ethylene biosynthesis that is a strong inhibitor of many SAM-dependent
methyltransferases. Thus, the methionine salvage pathway has evolved to recycle the 5-
methylthioribose (MTR) portion of MTA into L-methionine, an essential amino acid.® Buildup of
5’-dAH is also toxic to biological systems, as most radical SAM enzymes exhibit strong product
inhibition by 5’-dAH.°

It is believed that the first four enzymes in the methionine salvage pathway are
promiscuous for 5’-dAH. Since in most organisms this product is not excreted as waste, there
must be a metabolic process to recycle the 5dr sugar moiety similar to MTR. The first enzyme in
the methionine salvage pathway, 5’-Methylthioadenosine nucleosidase (MtnN), has been
reported to hydrolyze the adenine base of both 5’-methylthioadenosine, and 5’-
deoxyadenosine, producing methylthioribose (MTR) and 5-deoxyribose (5dr) respectively. It is

also shown that MtnN also hydrolyzes the adenine base from adenosine and S-adenosyl
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methionine. (Figure 2.1)%7 Steady state kinetics shows binding of MTR, 5dr, Adenine and S-

adenosyl methionine into the active site of MtnN. (Figure 2.2)

hydrolyzing the adenine
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Figure 2.1: Steady state kinetic analysis of the reaction of mtnN with four different substrates. Each
data point is the average of 3-6 replicates. The dashed lines show fitting to the Michaelis-Menten
equation.




The overall project will be to examine the substrate specificity and products generated
by Methylthioribose kinase (MtnK) in E. coli bacterial strains with respect to 5-methylthioribose
(MTR) and 5-deoxyribose (5dr). In addition, we wished to synthesize these sugars with site-
selective 2H and/or 3C isotope labels incorporated for future metabolomic studies. Neither of
these molecules are commercially available and therefore both sugars were synthesized using
(D)-ribose as a starting material. A scheme for synthesizing 5-deoxyribose (Figure 2.3) and 5-
methylthioribose (Figure 2.4) is depicted below. 5-Methylthioribose was synthesized to use as a
positive control, to determine if the enzymes are active and conduct the correct biochemical
process as previously described for the methionine salvage pathway. These synthetic schemes
were developed by Dr. Stefan Diethelm in the Moore lab at University of California San Diego,
where a 7% overall yield for 5-methylthioribose and a 28% overall yield for 5-deoxyribose was
obtained. The synthesis of these compounds with increased yield was the goal of this section,
which was accomplished through various modifications of the original schemes, including using

different reactants and solvents.

TsO

TsCl c
Kr . +“§_7W o ~;; R -
)

MeOH/acetone X OH OH

Figure 2.3: Proposed synthetic route to synthesize 5-deoxyribose
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Figure 2.4: Proposed synthetic route to synthesize 5-methylthioribose
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2.1.2 Experimental Methods
2.1.2.1 Synthesis of 5-deoxyribose

Preparation of 2,3-O-isopropylidene-1-O-methyl-5-0-mesyl-D-ribofuranoside®

(0]
II
- _|
HO Acetone HO 0 —S—o0
i N e N P N P
CH, 5 Methanol CH, o © NEt, ” CH, o O
OH 4)
H,S0, DCM
0°C >RT 0°C—> RT
o o > - >

D-Ribose (5.02 g, 33.4 mmol) was added to an oven dried round bottom flask with stir
bar and placed under N,. A mixture of 20 mL acetone and 15 mL methanol was then added. The
solution was then cooled to 0°C and ~0.6 mL (11.1 mmol) of sulfuric acid is added dropwise
over 30 min. The reaction was warmed to ambient temperature and stirred for 24 h. The
reaction mixture was then neutralized with 10% sodium carbonate and concentrated in vacuo.
The aqueous mixture was diluted with 40 mL of dichloromethane and 10 mL of H,0 and
allowed to stir for 20 mins. The phases were separated, and the organic phase was washed with
H,0 and brine. The DCM layer was separated and 9mL (64.6 mmol) of triethyl amine is added
and purged with N,. The solution was then cooled to 0°C and a solution of methanesulfonyl
chloride (2.7 mL, 35 mmol) in 2.5 mL dichloromethane was added dropwise over 15 min. The
reaction was then warmed to ambient temperature and stirred for 2 h. The reaction mixture
was neutralized with 5% sodium bicarbonate, the phases were separated, and the organic layer
was washed with water and brine and concentrated in vacuo. To the concentrate, ~15mL of

water was added and allowed to stir for 1 hour at 65°C followed by 2 hours at 5-10°C. The
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material was filtered then dried with sodium sulfate, leaving 6.52g of colorless white solids

containing 2,3-O-isopropylidene-1-0O-methyl-5-0O-mesyl-D-ribofuranoside at a 69% yield.

Preparation of 2,3-O-isopropylidene-1-O-methyl-5-deoxy-D-ribofuranoside®’

I
—S—20
” \CHE 0/ . CHs 0/
4
Fo-
THF
Reflux
(0] 0] 24hrs 0] (0]

e >4

2,3-O-Isopropylidene-1-0-methyl-5-0O-mesyl-D-ribofuranoside (0.5 g, 1.7mmol) and
LiBH4 (192mg, 8.8 mmol) were added to an oven-dried 2-neck round bottom flask with stir bar
and a condenser attached under N,. Tetrahydrofuran (10mL) was added and the reaction was
refluxed for 24 h. The reaction was quenched with 5% acetic acid and stirred for 15 m then
concentrated. The mixture was then brought up in 20 mL diethyl ether, washed with H,0 and
brine, and filtered over celite. The solution was then concentrated in vacuo to obtain 0.256 g of

colorless white solids containing 2,3-O-isopropylidene-1-O-methyl-5-deoxy-D-ribofuranoside at

Entry Conditions Results 77% vield
1 NaBH, LiCl 23% a oyleld.
Dioxane
24 hrs, 85°C
2 LiBH, 45%
Diglyme
23 hrs, 90°C
: LigH, 7% Table 2.1: Varying
e conditions for the
4 Super Hydride NR nucleophilic attack
8 hrs, RT of the hydride to the
5 Super Hydride NR
o mesylate.
Over night, 71°C
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Preparation of 5-deoxyribose’®

0
CH - )J\
o Y HO” H CHs
> OH
H,0
850C
0O 0 24 hrs OH OH

2,3-0O-isopropylidene-1-0O-methyl-5-deoxy-D-ribofuranoside (1.0 g, 5.3 mmol) is placed
into 20 mL of H20 and 10 mL of formic acid and stirred for 24 h at 85°C. The reaction mixture
was dried overnight by blowing air into the vial, then placed into a -80°C freezer for 4 h. The
reaction vessel was then lyophilized for 2 days to produce 0.627g of a yellow oil containing 5-

deoxyribose at an 88% yield.

2.1.2.2 Synthesis of 5-Methylthioribose

Preparation of 2,3-O-isopropylidene-1-O-methyl-5-methylthio-D-ribofuranoside®

(’3|
—S—-20 —S
’ | e CH, o - ~ CH, . e
(o] o NaSMe 0
B
CH,CN
0 0 100°C 0 0

>< 24hrs ><

2,3-O-Isopropylidene-1-0-methyl-5-0O-mesyl-D-ribofuranoside (0.502 g, 1.7 mmol) and
sodium thiomethoxide (200 mg, 2.8 mmol) were added to an oven-dried 2-neck round bottom
flask with a stir bar and condenser attached. The reaction was refluxed at 100°C for 24 h.

Reaction mixture was concentrated, reconstituted in ethyl acetate, and then washed with
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aqueous bicarbonate and brine. A silica column was used to purify the 2,3-O-isopropylidene-1-
O-methyl-5-methylthio-D-ribofuranoside. The mobile phase consisted of 1 column volume each
of 1:9, 1:5, 3:7, 2:5 and 1:1 ethyl acetate: hexanes. Fraction containing the product were
identified by TLC, pooled, and concentrated to obtain 0.391 g of a colorless white solids

containing 2,3-O-isopropylidene-1-O-methyl-5-methylthio-D-ribofuranoside at a 72% yield.

Preparation of 5-methylthioribose'®

—S —3S

HO” H OH

H,0
(o] 0 85°C OH OH
4 hrs

2,3-0-isopropylidene-1-O-methyl-5-methylthio-D-ribofuranoside (0.299 g, 1.3 mmol)
was placed in a round bottom flask with a stir bar. To this reaction vessel, 10mL of H,0 and 3mL
formic acid were added and allowed to stir at 85°C for 4 h. To rid of some water, the reaction
was blown with house air overnight then placed into a -80°C freezer for 4 h. The reaction vessel
was then lyophilized for four days to produce 0.215g of a yellow oil of 5-methylthioribose at

88% yield.
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2.1.3 Results

2.1.3.1 5-Deoxyribose Spectra

Methyl 2,3-O-isopropylidene-beta-D-ribofuranoside

Although the protocol does not specifically isolate Methyl 2,3-O-isopropylidene-beta-D-

ribofuranoside, the isolation of this molecule was performed to obtain a *H NMR.

497
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Figure 2.5: R¢0.38,'H NMR (CDCls) 6 4.97ppm (s, 1H, H-1), 4.80ppm (d, 1H, H-2), 4.59ppm (d, 1H, H-3), 4.37ppm (m,
1H, H-4), 3.63ppm (dd, 2H, H-5), 3.41ppm (s, 3H, OCH3), 8, 1.31ppm (2 x s, 6H, 2 x CCH3)
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2,3-0O-isopropylidene-1-0-methyl-5-O-mesyl-D-ribofuranoside spectra
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Figure 2.6: R¢0.44,'H NMR (CDCls) 6 4.99ppm (s, 1H, H-1), 4.70ppm (d, 1H, H-2), 4.61ppm (d, 1H, H-3), 4.41ppm (m,
1H, H-4), 4.21ppm (d, 2H, H-5), 3.35ppm (s, 3H, OCH3) , 3.07ppm (s, 3H, SO3CH3), 1.49, 1.32ppm (2 x s, 6H, 2 x
CCH3)

2,3-0O-isopropylidene-1-O-methyl-5-deoxy-D-ribofuranoside spectra
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Figure 2.7b: Rf0.61,"H NMR (CDCl3) 6 4.93ppm (s, 1H, H-1), 4.63ppm (d, 1H, H-2), 4.50ppm (d, 1H, H-3), 4.34ppm
(g, 1H, H-4), 3.32ppm (s, 3H, OCH3), 1.47, 1.30ppm (2 x s, 6H, 2 x CCH3), 1.28ppm (d, 3H, H-5)
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Figure 2.8: The peaks at 5.12 and 4.96ppm show the anomeric proton for both diastereomers of 5-deoxyribose

with their respective methyl peaks at 1.11 and 1.20ppm.
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2.1.3.1 5-Methylthioribose Spectra

2,3-0O-isopropylidene-1-O-methyl-5-methylthio-D-ribofuranoside
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Figure 2.9: R¢0.61,'H NMR (CDCls) 6 4.80ppm (s, 1H, H-1), 4.55ppm (d, 1H, H-2), 4.4 ppm (d, 1H, H-3), 4.44ppm (dd,
1H, H-4), 3.17ppm (s, 3H, OCH3), 2.54-2.42ppm(2 x dd, 2H, CH;) 1.32, 1.16ppm (2 x s, 6H, 2 x CCH3)
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Figure 2.10: When synthesizing 5-methylthioribose, both «- and -5-methylthioribose molecules were present in
the mixture. The 13C was also taken to show that 12 unique carbons were present. (Figure 2.11)
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Figure 2.11: 3C NMR of 5-methylthioribose, showing that both conformers are in solution.
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2.1.4 Discussion

5’-Deoxyadenosine (5’-dA) is a stoichiometric product of reductive cleavage of SAM by
most radical SAM enzymes. 5’-dA is a product inhibitor of radical SAM enzymes and contains a
sugar that can be used for valuable energy under nutrient-starved conditions and,
consequently, a route has evolved for the metabolism of this ubiquitous biomolecule.’ The
bacterial disposal/salvage pathway for 5’-dA begins with the hydrolysis of adenine group from
the ribose moiety, with adenine then recycled back into adenosine nucleotides.® The other
product of this first enzymatic recycling step is 5-deoxyribose (5dr). In order to examine the
enzymatic promiscuity of methylthioribose kinase for 5-deoxyribose, an optimized synthesis of

this molecule was

HO HO MsO

\WMOHMCOH/HCCN)HC \@WOME MsCl 4 .
- —_—
OH OH H,S0, 0o o NEt; 0 ©
0°C =RT, 24hrs )4 DCM )4
0°C— RT, 4hrs
- - 69%.
(o]
CHs o )_L CHs o
K 7""“0“ H oH K ?“ e LiBH,
OH OH - 0O O -
H,0 )4 THF
85°C, 6Hrs Reflux, 24hrs
88% 77%

Figure 2.19: Scheme for 5-deoxvribose svnthesis.

undertaken. The total synthesis of 5dr (Figure 2.19) and methylthioribose (MTR) from D-ribose
(Figure 2.20) had been previously reported with 7% and 28% overall yields, respectively. The

work reported in this thesis has increased these yields to 43% for MTR and 47% for 5dr with D-
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ribose as the starting material. The protection of the C1, C2, and C3 alcohols to the methyl ester
and isopropylidene groups respectively differed by not using 3,3-dimethoxypropane. The
mixture of acetone/methanol with sulfuric acid gave sufficient yield. The big difference
between the Moore method to my own was the purification of methyl 2,3-O-isopropylidene-
beta-D-ribofuranoside. Moore did a purification of this product, it is inevitable to lose some
yield during the work up and silica column purification. | did not purify out this product, rather
took the crude and did the mesylation of the C5 alcohol, yielding 69% over the two steps.
Moore used NaBH4 when doing substitution of the mesylate on C5, whereas | found that LiBH4
gave a much higher yield at 77%. Finally, when deprotection of the sugar took place, the choice
to use formic acid was used so that the acid could be lyophilized out of the mixture to yield
5-dr.

The first step in the synthetic route was performed by adding protecting groups to the

otherwise reactive alcohol groups at the C1, C2, and C3 positions of ribose. The C2 and C3

HO HO MsO
\@/v McOH/acetong b MECl b}w
OH OMe OMe
SE— —_—
OH OH H,S0, o o NEt; 0O o
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Figure 2.20: Scheme for 5-methylthioribose synthesis.
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hydroxyl groups were protected with an acetonide functional group. This common protecting
group takes 1-2 diols and forms an isopropylidene ketal. The addition of methanol to the
solvent mixture allows simultaneous protection of the C1 anomeric hydroxy group as the
acetal, synthesizing methyl 2,3-O-isopropylidene-beta-D-ribofuranoside.'® Protection of the
hydroxyl groups at these three positions leaves the C5 hydroxyl position vulnerable to
modification on ribose while keeping the integrity of the other hydroxyl groups.

Following protection of the alcohols at the C1, C2 and C3 of ribose, C5 is now subject to
modification. In order to modify this alcohol, methanesulfonyl chloride is used to convert the
alcohol into a mesylate. The alcohol attacks the reactive sulfonyl chloride, with triethylamine
removing a proton from the alcohol during or immediately following the attack, producing a
pentacoordinate sulfonyl intermediate. Expulsion of chloride from this intermediate produces
the mesylated product.!! The release of HCl, a strong acid that could be produced in this
reaction, would be detrimental to the product, as acid and water would remove the acetonide
and O-methyl protecting groups. However, triethylamine neutralizes the acid and avoids any
deprotection. The 5-O-mesylate on the ribose is now a good leaving group that facilitates
substitution chemistry and can be used to generate both of the desired products.

Once the C1, C2 and C3 alcohol groups have been protected and the C5 alcohol group
has been activated as a mesyl ester, the synthesis breaks off into two separate routes. For the
first route, hydride reduction of the alcohol at the C5 position is performed to synthesize 2,3-0O-
isopropylidene-1-O-methyl-5-deoxy-D-ribofuranoside. The hydride will act as a nucleophile and
attack to the C5 position, displacing the mesylate as a leaving group.° The second route uses

sodium thiomethoxide, with the thiolate attacking the C5 position of ribose, displacing the

28



mesylate as the leaving group. This second route forms 2,3-O-isopropylidene-1-O-methyl-5-
methylthio-D-ribofuranoside as the product of this reaction.

Both 2,3-O-isopropylidene-1-O-methyl-5-methylthio-D-ribofuranoside and 2,3-0-
isopropylidene-1-O-methyl-5-deoxy-D-ribofuranoside can be deprotected with dilute acid in
water. The original synthesis procedure employed sulfuric acid, which proved problematic as it
was difficult to remove from the reaction mixture and concentration resulted in degradation of
the product. We decided to substitute formic acid (~35%) in water to accomplish deprotection
of both ribose moieties, producing 5-methylthioribose and 5-deoxyribose. Formic acid is
beneficial because of its volatility, allowing it to sublimate along with water in a lyophilizer and
therefore not significantly contaminate or degrade the products
Methylthioadenosine nucleosidase (MtnN) coordinates 5’-methylthioadenosine and 5’-
deoxyadenosine into its active site in separate enzymatic reactions. Each substrate is subject to
hydrolysis of the adenine base to produce MTR and 5dr respectively. Both of these ribose
derivatives have been successfully synthesized to test the promiscuity of the next enzyme in the
biosynthetic pathway. The next enzyme in the methionine salvage pathway is
methylthioribose kinase (MtnK). For methylthioribose, it has already been shown that the
enzyme phosphorylates MTR at the C1 position. The next section will describe the expression
and purification of MtnK, determine if this enzyme is reactive with 5dr, and use NMR

spectroscopy to confirm the structure of and elucidate the C1 stereochemistry of the product.
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2.2 Methylthioribose Kinase Purification and Assays
2.2.1 Introduction

S-Adenosyl-L-methionine (SAM) is biosynthesized by the enzyme SAM synthetase or
methionine adenosyl transferase, during the reaction between methionine and ATP. This
reaction is stereospecific and only generates the S-configuration at the sulfur atom. SAM is
most commonly known as the major biological methyl donor in reactions catalyzed by
methyltransferase enzymes.? For example, methylation of DNA and histones is crucial for the
regulation of gene expression, and the methylation plays a role in the biosynthesis and
inactivation of hormones and neurotransmitters. This biological sulfonium ion has also been
found to be a reactive source of methylene groups, amino groups, ribosyl groups, aminopropyl|
groups, and more. In fact, SAM is the second most widely used enzyme substrate after ATP.
Polyamine biosynthesis provides one example of the reactivity of the SAM sulfonium. After
decarboxylation, SAM serves as an aminopropyl group donor to diamines during polyamine
biosynthesis, in reactions catalyzed by propylamine transferases. The byproduct of this reaction

is 5’-methythioadenosine (MTA) (Figure 2.21) MTA’s recycling pathway has already been

Decarboxy-SAM
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e © CHs MTA + H® NH; Hy
M\ A
SAM / 2 M Enz-Nu 3 g
SAM “Hz NH
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Figure 2.21: The biosynthesis of polyamides from SAM
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characterized and is referred to as the methionine salvage pathway.

Another one of SAM’s metabolic fates includes the generation and use of 5’-
deoxyadenosyl radicals.! The radical SAM superfamily includes thousands of examples of
enzymes that catalyze the reduction of SAM sulfonium to produce a 5’-deoxyadenosyl radical,
and use this highly reactive controlled radical to remove hydrogen atoms from a wide variety of
substrates. These enzymes require that SAM bind to a catalytic [4Fe-4S]?* cluster chelated by
three cysteine residues in a conserved Cys-Xaa-Xaa-Xaa-Cys-Xaa-Xaa-Cys sequence motif.
Reductive cleavage of the S-C5’ bond of SAM forms 5’-deoxyadenosyl radicals. The 5'-
deoxyadenosyl radical can then abstract a hydrogen atom from a substrate, as in the biotin
synthase example, which leads to the formation of 5’-deoxyadenosine. 5’-deoxyadenosine is

toxic to cells as it has inhibitory properties, thus it seems likely that this metabolite is recycled.!

-l ¥y
: ; S S S £
We hypothesize that the first few enzymes (MtnN, Mtnk, MtnA, S & & &
MtnB) of the methionine salvage pathway (MSP) are
promiscuous for 5’-deoxyadenosine and that the metabolism of
5’-dAH is similar to 5’-MTA.
—

MtnN, MtnK, MtnA, and MtnB are the first four enzymes

—_—
243 476 405 23.2kD

in the methionine salvage pathway and have been previously :
Figure 2.22: SDS PAGE gel of

purified E. coli enzymes.

cloned from E. coli strain Seattle 1946(ATCC25922) (Figure 2.22).
It was once believed that E. coli did not express these genes, but this holds true for only lab
strains of E. coli. Previous work in the Jarrett lab has shown that 5’-methylthioadenosine
nucleosidase carries out enzymatic hydrolysis of 5'-MTA, 5'dAH, and also S-

adenosylhomocysteine (SAH). MtnN is promiscuous in hydrolyzing off the adenine base from
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both 5’-dAH and 5’-MTA to 5’-deoxyribose (5’-dr)
and 5’-methylthioribose (5’-MTR) respectively.
(Refer back to figure 2.1)

Following confirmation of the in vitro
promiscuity of methylthioadenosine
nucleosidase (MtnN) towards 5’-
deoxyadenosine, the next enzyme of interest is
methylthioribose kinase (Mtnk). MtnK (figure
2.22) is known to catalyze the adenosine
triphosphate
( ATP) dependent phosphorylation of

5-methylthioribose to form
methylthioribose-1-phosphate and adenosine

diphosphate (ADP).'* MtnK’s sequence has

Figure 2.23: Structure of methylthioribose kinase
in Bacillus subtilis
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250 260 270 280 290 300
AMRYKYKFMT EAQALLHGDL HSGSIMVTDT DTKVIDPEFG FMGPMAFDIG NYIGNLLLAY

310 320 330 340 350 360
FSRPGWDANE QRRADYQEWL LQQIVQTWSV FTREFRQLWD NKTQGDAWPT EMYQQNRAAL

370 380 390 400 410 420
EDAQDQFFAT LLEDSLVNAG MEMNRRIIGF AGVAELKQIE NTELRAGCER RALTMARDLI

430
VNARQFKNMD SVIQSAKVK

been previously determined (Figure 2.24)

where its molecular formula is

Figure 2.24: Characterized amino acid sequence of
Methylthioribose Kinase (MtnK) as expressed from the
pET28(a) vector.

C2227H3421N6010657522 and molecular weight is 49831.61 g/mol.'* This section aims to determine

if the promiscuity of MtnK in the phosphorylation of 5-deoxyribose to 5-deoxyribose-1-

phosphate.
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2.2.2 Methods
2.2.2.1 Expression and Purification of MtnK

The standard operating procedure for the production of competent cells from E. coli
begins with inoculating 5 mL of Luria Broth (LB) with a single BL21* colony from a non-antibiotic
resistant strain and incubating the liquid broth at 37°C with shaking overnight. The overnight
solution was then used to inoculate a 50 mL LB to an ODeoo of 0.01 and subsequently incubated
at 37°C to an ODepo =0.2. The culture was placed on ice for 5-10 min and then pelleted @ 5000
rpm for 8 min. The pellet was then resuspended in 10% w/v 0.1M CaCl; on ice and left to
incubate for 60 min. The culture was then centrifuged at 4000 rpm for 5 min, the pellet was
resuspended in 2% w/v of 0.05 M CaCl, and then incubated at 0°C for 1 h. To freeze the cells, an
equal volume of 40% glycerol is added, the suspended cells aliquoted and stored in the -80°C
freezer.

The standard operating procedure to transform plasmid DNA into competent E. coli is as
follows. BL21* competent cells (100 uL) were added to a sterile Eppendorf tube. The desired
DNA plasmid (~1-5 ng) was added to the competent cells and incubated on ice for 10 min. The
cell solution is then placed in a 42°C water bath for 1 min and then incubated for another 5 min
on ice. LB medium (1 mL) was added and the tube incubated at 37°C for one hour. The bacterial
broth (~50 pL) was spread on a LB/kanamycin plate and incubated overnight.

The growth of E. coli expressing MtnK starts by taking a single colony from the
LB/kanamycin plate and placing it into 50 mL of LB/kanamycin broth. This culture is allowed to
grow overnight in a shaker at 37°C. The overnight growth (5 mL) was then added to 1 L of

LB/kanamycin broth and incubated at 37°C while shaking at 250 rpm. After 4 h, 1 mL of 0.2 IPTG
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was added to induce protein expression, with incubation at room temperature and shaking at
250 rpm. After 5 hours, the bacterial broth is taken out and centrifuged at 5000 rpm for 10 min
to a form a pellet. The supernatant was discarded, and the pellets were combined using 50 mM
tris pH 8 to transfer pellet into one centrifuge bottle. The combined pellet was then placed in
the -80°C freezer overnight. The cells were thawed, 50mM Tris pH 8 was added at ~4mL/g of
pellet, and the cells resuspended with gentle stirring to obtain a homogenous suspension that
was cooled in an ice bath. The cells were then lysed using sonication with 4x30 s bursts with 2
min rest in between at 80% power. The cells were transferred to ultracentrifuge bottles and
spun at 25k rpm for 60 mins. The supernatant was pooled and stored on ice.

A Qiagen Ni-NTA column (how much resin?) is stripped of the Ni?* with 0.1 M EDTA pH 8
and substituted with Co?* by running 0.1 M CoCl; through the column on an FPLC, with column
equilibration monitored by UV absorption at 280 nm. This metal exchange is necessary because
Ni%* was previously found to be inhibitory towards MtnK. The Co-NTA column is then
equilibrated with 50 mM tris, 0.5M NaCl pH 8 and then the supernatant is loaded on the
column. The column is then washed with 5 mM imidazole, 50 mM tris, 0.5 M NaCl pH 8. Finally,
the desired protein is eluted with 200 mM imidazole, 50 mM tris, 0.5 M NaCl pH 8. The eluent
fractions with strong absorption at 280 nm were pooled and concentrated using 30 kD cutoff
centrifugal concentrators, spinning at 5,000 rpm for 10 min intervals until ~5-10mL of
concentrated protein remains. The flow through from the concentrator was discarded. A Bio-
Gel P2 desalting column was equilibrated with 150 mM triethanolamine, 20 mM R-
mercaptoethanol, 50 mM KCl at pH 8.0, followed by loading of the concentrated protein. The

protein is then eluted with the same buffer used to equilibrate the desalting column. Finally,
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fractions containing the eluted protein were concentrated using 30 kD cutoff centrifugal
concentrators. The success of the purification was characterized by SDS-PAGE, with a 4%
stacking and 10% resolving gel. The ladder is a PAGEmark™ Tricolor PLUS Protein Marker made
by Biosciences. The gel was run in a Bio-Rad Mini-Protean Tetra System with a Bio-Rad Power
Pac 3000 at 110V for ~60mins. The concentration of the protein sample was determined using
a Shimadzu Biotech Nano Drop. The protein was then diluted down to 1 uM MtnK stock and
stored in the -80°C freezer as 0.5 mL aliquots. The MtnK solution was analyzed using a
Shimadzu Biospec-nano 100-240V, 50-60Hz, 40VA nanodrop to determine the concentration
and an estimated extinction coefficient based on the sequence of the concentrated sample. The
Extinction coefficient was determined to be 77350 M cm%, assuming all cysteine residues are

reduced.

2.2.2.2 MtnK Assays for Promiscuity

The set up for the enzymatic assays are as follows:

Order Name of Solution Amount Added (uL) | Final Concentration

1 Bis-Tris Buffer 3100

2 250 mM MgCl; 400 20 mM

3 2 M NacCl 500 200 mM

4 100 mM ATP 500 10 mM

5 1 pM Mutant MtnK 250 0.05 uM

6 100 mM MTR or 5-dr 250 5mM
TOTAL VOLUME (pL) 5000

Table 2.2: Concentrations and amounts of each component of Mtnk

The assay components were mixed in order and incubated at ambient temperature for 4

hrs. A portion of the assay was then directly transferred to a 5 mm NMR tube with D,O for NMR
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analysis. Standard NMR samples were also taken of reaction without MtnK, and of solutions of
ATP and ADP for controls. Both proton and phosphorous NMRs were taken for the assay and
the controls.
2.2.2.3 Purification 1-phospho-5-deoxyribose from MtnK Assays
The remaining MtnK assay mixture was then placed into a
an o oA H 30 kD cutoff centrifugal concentrator to separate the protein
N ; : yom from small molecules. The flow-through from the concentrators
" 5 was pooled for further purification. The flow-through was
separated on a Shimadzu HPLC system consisting of LC-20AB

binary high-pressure gradient solvent delivery unit, Alltech ELSD

800 evaporative light-scattering _

Figure 2.25: Structure of detector, and a CBM-20A 0 90
Phenomenex Luna HILIC column
components 2°5 90
P : system controller. The system
25 50
had been equilibrated with solvent A: 5 mM ammonium 30 50
35 90
acetate in H,0 and solvent B: 5 mM ammonium acetate in 98% 45 stop
acetonitrile/2% H20. The flow-through was loaded onto a Table 2.3: Parameter of mobile

phase for HPLC run.
Phenomenex Luna 5u HILIC 200A 150 x 4.6 mm column (Figure 2.25) equilibrated with 100%

solvent B, and then the various reactants and products were eluted using the gradient

described on Table 2.2.
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2.2.3 Results
2.2.3.1 Purified MtnK

Mtnk was successfully transformed into competent E.
coli cells due to growth on LB/Kanamycin plates. (Figure 2.24)
After purification of MtnK using a Co?*-NTA column and a P2
desalting column, the SDS-PAGE results are shown. (Figure
2.24) MtnK has a mass ~49.8 kDa and the SDS-PAGE gel
shows that a protein of that weight is purified in lane 1. The
[MtnK] from 4 trials off the Nano drop were, 2.51 x 10*M,

2.21x10%M, 2.27 x 10*M, 2.19 x 10*M for an average of

Figure 2.26: E. coli growth with
Mtnk transformed into plasmid.

2.29 + 0.15 x 10* M, using a calculated extinction coefficient of 77350 M1 cm™ at 280 nm in

water.

N~

Pui'lﬁ‘ed*-*’knk

AAAAAAAA,

Wash runoff
After Centrifuge
After Sonication
Before Sonication

CARE e et

Figure 2.27: SDS PAGE gel results from the
purification of Mtnk.
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2.2.3.2 MtnK promiscuity toward methylthioribose and 5-deoxyribose

Following the enzymatic assays, the products were determined by NMR analysis.
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Figure 2.28: 'H NMR spectra of control MtnK enzymatic assay with
MTR.
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Figure 2.29: 'H NMR spectra of MtnK enzymatic assay with 5-deoxyribose.
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Figure 2.30: Proton decoupled H NMR spectra for 5-deoxyribose assay.
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Figure 2.31: 3P NMR of 5-deoxyribose enzymatic assay.
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Figure 2.32: 3P NMR of 5-deoxyribose assay without MtnK. Used as a control.
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Figure 2.33: 'H NMR of 5-deoxyribose assay without MtnK. Used as a control.
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2.2.3.3 HPLC Purification of 5-deoxyribose-1-phosphate for MtnA Assays

Tima: 40,4815 hirtes - Ampiude; - mivbEs

1740 h e 760
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1500 f’: 1500
MTR-1-P I ATP
1250 b 150
g 1000 1000
E
50 ™
500 500
0 50
. —— T~ 5
0 5 10 15 20 25 30 35 40 45 50 55 60
Minutes

Figure 2.34: Separation of MtnK assay components using a Phenomenex Luna HILIC column on a
HPLC with ELSD attached.
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2.2.4 Discussion
Methylthioribose Kinase (MtnK) is an enzyme that is known to phosphorylate

methylthioribose (MTR) to form methythioribose-1-phosphate (MTR-1-P). Determination of
MtnK promiscuity by demonstrating phosphorylation at the C1 position on 5-deoxyribose (5dr)
was the objective of this section. First, a plasmid containing the cloned mtnK gene was
transformed into E. coli. (Figure 2.24) These bacterial growths were screened on a LB agar plate
with kanamycin and yielded a plethora of healthy E. coli colonies with kanamycin resistance,
confirming the presence of the plasmid in these cells. The SDS-PAGE gel shows that a protein of
~50 kDa was purified and isolated from the incubation and inoculation of the transformed E.
coli growths. (Figure 2.25) To determine if Mtnk was isolated and if the enzyme had the
predicted activity, control trials with 5-methylthioribose were conducted. The 'H NMR spectra
of the MtnK assay with MTR as the sugar depicts a doublet of doublets at 5.58 ppm showing the
anomeric proton at the one position of the sugar. This anomeric proton is coupled to the C-H
proton (*H-'H J coupling) at the two position of the sugar and the phosphorous atom (*H-3!P )
coupling) from the attached phosphate group. Thus, the doublet of doublets at 5.58 ppm for
the MTR spectra shows phosphorylation at the C1 position, proving the formation of MTR-1-P.

Once Mtnk was determined to be active, the promiscuous activity towards 5dr was then
examined. Looking at figure 2.26, the doublet of doublets at 5.61ppm was similar to the MTR
control spectra, where the anomeric proton is coupled to both the proton at the C2 position of
the sugar and the phosphorous on the phosphate group. Furthermore, the same *H NMR
sample for the 5-deoxyribose-1-phosphate was proton decoupled (Figure 2.27) , and the peak

at 5.61 ppm changed to a doublet. This demonstrates that one of the couplings observed for
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the anomeric proton can be attributed to J coupling with a non-hydrogen nucleus, consistent
with the presence of a phosphate ester at the C1 position.. 3'P NMR spectra show only three
peaks before the enzyme is added at -4.93, -10.11, and -18.57ppm, which can be assigned to
the a, B and y phosphates of ATP. Taking the 3P NMR spectra 4 hours into the assay, the
spectra show three new peaks. The peaks at -5.48 and -9.61 were confirmed to be derived from
the a and 3 phosphates of ADP, while the peak at +2.54 ppm was indicative of a sugar that is
phosphorylated at the C1 position.*> Further, we wanted to determine if MtnK formed the o«- or
[B-5-deoxyribose-1-phosphate. The J-coupling value of the 5-deoxyribose-1-phosphate from the
MtnK assay was compared to the J-coupling values of «- and 3-D-ribose. x-D-ribose has a J
coupling value of 3.7 Hz, while f-D-ribose has a J-value of 1.9 Hz. The doublet of doublets for 5-
deoxyribose-1-phosphate had a J-values of 6.6 and 4.0 Hz. The proton decoupled spectrum
showed a doublet that allows us to measure the *H-3'P J-coupling as 6.5 Hz. Thus the *H-1H J
coupling value for the anomeric proton to the C2 proton can be assigned as 4.0 Hz, which by
comparison to D-ribose, strongly suggests that «-5-deoxyribose-1-phosphate is produced. This
is likely due to the active site containing both 5-deoxyribose and ATP that has the phosphate
group near the o positioned alcohol on the sugar. Presumably, if a alcohol in 5 position of the
sugar comes into the active site, no reaction will occur, and the enzyme will release the sugar
back into the environment until an o« hydroxy sugar comes along. Lastly, the separation of 5-
deoxyribose-1-phosphate, ADP and ATP using a Phenomenex HILIC column yielded retention
times of 19.43, 29.42, and 31.12 mins respectively. The separation of these molecules is
important in the continuation of determining the promiscuity of methionine salvage pathway

enzymes as pure 5-deoxyribose-1-phosphate is needed as a substrate for future MtnA assays.
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Chapter 3: Measurement of Kinetic Isotope Effects for Biotin Synthase

3.1 Synthesis of Mono- and Di-Deuterated-L-Alanine and Dethiobiotin
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3.1.2 Introduction

The radical S-adenosylmethionine (SAM) enzyme family is widely known in enzymology
for its ability to catalyze a wide array of biological processes. These enzymes share a common
mechanistic step, namely the production of a 5’-deoxyadenosyl radical. In these enzymes, SAM
binds to a [4Fe-4S] cluster that is coordinated by a conserved CX3CX;C sequence motif, and this
cluster facilitates the transfer of one electron from an external electron donor into the SAM
sulfonium, leading to an unstable three-electron C-S bond. Spontaneous homolytic cleavage of
this intermediate leads to formation of methionine and a 5’-deoxyadenosyl radical.

Biotin Synthase is an enzyme that utilizes SAM, a [4Fe-4S]?* cluster, and a [2Fe-2S]%*
cluster to convert dethiobiotin into biotin. Biotin, an essential vitamin in all organisms, plays
critical roles in fatty acid synthesis, gluconeogenesis and amino acid catabolism.! The initial
steps in the biosynthesis of biotin vary among microorganisms, however the final four steps are
conserved beginning with pimelic acid.(Figure 3.1) The enzyme, 7-keto-8-aminopelargonic acid
synthase (BioF), catalyzes the condensation of pimeloyl-CoA or pimeloyl-ACP with L-alanine to
generate 7-keto-8-aminopelargonic acid (KAPA). BioF is a pyridoxal phosphate (PLP) dependent
enzyme that decarboxylates alanine, forming a resonance-stabilized carbanion at the a-
position.[5,6] The a-carbanion implements nucleophilic attack on the thioester carbonyl,
displacing CoA (or ACP). KAPA then undergoes a transamination reaction at the 7-keto group,
mediated by the PLP-dependent aminotransferase, BioA, which is unique in the use of SAM as
the amino donor, whereas most aminotransferases use glutamate. The product of the BioA
enzymatic step is 7,8-diaminopelargonic acid, or DAPA. DAPA is then converted into

dethiobiotin irreversibly by dethiobiotin synthetase (BioD). One of the amine groups on DAPA
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attacks carbon dioxide, forming a stable carbamate, which is then activated through
phosphorylation by ATP to facilitate closure of the ureido ring by reacting with the second
amine group. The final step of biotin synthesis requires the activation of two aliphatic carbons
and formation of two carbon-sulfur o-bonds. Biotin synthase (BioB) is a member of the radical
SAM superfamily of enzymes, a class of enzymes that utilize radical chemistry to catalyze

unique insertion and rearrangement reactions. >/

o) o)
CoA-S OH L-Alanine, PLP OH
Pimeloyl CoA KAPA
NH 0
BioA - = BioD
2
AdoMet, PLP OH NaHCOj;, ATP
DAPA
o)
0 o)
yNH (o] BioB YNH
HN HN OH
OH S2, AdoMet 8
Dethiobiotin Biotin

Figure 3.1: Scheme of conserved biotin biosynthetic pathway

For the radical SAM enzyme biotin synthase, a 5’-deoxyadenosyl (5°-dAe) radical
abstracts a hydrogen atom from the C9 position of dethiobiotin, which is presumed to generate
a C9-centered dethiobiotinyl radical (Figure 3.2). Under single turnover conditions, our lab has
previously observed that an intermediate, 9-mercaptodethiobiotin (MDTB), is generated by
quenching of the dethiobiotinyl radical by the p-sulfide of a nearby [2Fe-2S]%* cluster.® MDTB
remains bound to biotin synthase as a ligand to the partially reduced FeS cluster, although it
can be liberated for analysis by quenching the enzyme reaction in acid. 5-dAH and methionine
then dissociate, a second equivalent of SAM binds, and a similar mechanism occurs at Cé6

position, wherein radical termination is accomplished by the C9 thiolate with formal reduction
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of the [2Fe2S]?* cluster. This bond formation step closes the thiophane ring and results in the

destruction of the [2Fe2S] cluster.®13

? S6A 5aAH O
>\‘NH o} >\“NH o]
HN HN
OH OH
H H
H H H
. Arg—N_ 8. _S-Cys
dethiobiotin CFell Fell
Cys—S~ g~ S—Cys
Q S'dA’ 5'dAH O}L
»“NH o] NH o]
HN HN
OH W OH
H H H H
H H
H
Arg—N S " S—Cy: Arg—N\ S S-Cys
_Fe! Fel _Fell  Fell
Cys—8" g s-Cys Cys—§" ~g” i S-Cys
o] o
>\‘NH o] >\“NH (o]
HN HN
OH OH
SH S
9-mecapto-dethiobiotin biotin
H H
Arg*N\ 8-Cys Arg*N\ _-5-Cys
_Fi {[] Fell _Fe!l Fell
Cys—S™ g7 “s-Cys Cys—S™ g “5-Cys

Figure 3.2: Stepwise mechanism for the reaction of Biotin Synthase

The Jarrett lab has found that the reaction catalyzed by biotin synthase is exceptionally
slow in vitro (under saturating conditions). It has been proposed that slow steady-state
turnover is limited by the rate of [2Fe2S]?* cluster reassembly.® The relatively low [MDTB]
detected during the first turnover in the presence of saturating substrates demonstrates that
the ring closure at C6 of the thiophane ring is around 10-fold faster than initial insertion of
sulfur at C9.° Therefore, the chemical steps leading to formation of MDTB must include a rate-
limiting step for the first turnover in vitro and likely also rate-limiting for steady-state turnover
in vivo. Initial generation of 5'-dAe and abstraction of a hydrogen atom from the C9 position of

dethiobiotin stand out as steps that might have particularly high activation energies. However,
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reductive cleavage of the SAM sulfonium to 5°-dAe occurs at significantly faster rates in other
radical SAM enzymes, suggesting that despite being energetically uphill, this chemistry is not
intrinsically slow and is probably not rate-limiting for biotin synthase.®° The hydrogen atom
transfer has been shown to be rate-limiting for a number of radical enzymes, including at least
one member of the radical SAM superfamily’, and our lab concluded that this was likely to be
rate-limiting for biotin synthase.

To determine if the hydrogen atom transfer is rate-limiting in an enzyme reaction, the
observation of a primary kinetic isotope effect (KIE) that alters 2H or 3H isotopic enrichment at
the chemically reactive position(s) should be observed. The original study of this phenomenon
utilized an intermolecular competition assay, in which trideuterated dethiobiotin is mixed in
various ratios with natural abundance dethiobiotin, to measure the primary *H vs ?H KIE for
radical hydrogen abstraction at C9 of dethiobiotin. The Jarrett lab has previously observed a
very large non-classical KIE, kn/kp = 37.0 £ 2.6 at 37 °C. In our efforts to understand more about
the nature of this large observed KIE, we uncovered significant masking of the KIE under normal
assay conditions with saturating concentrations of substrate, and we therefore undertook an
in-depth kinetic analysis of biotin synthase. This study revealed substrate inhibition by
dethiobiotin and negative cooperative effects on catalysis upon binding of substrate to both
active sites of the homodimer, an observation which to our knowledge has not previously been
reported. The use of mixtures of trideuterated dethiobiotin and natural abundance dethiobiotin
results in two possible complicating factors that could affect the results. First, isotopic selection
requires that the trideuterated dethiobiotin be able to dissociate from the enzyme and be

replaced by the unlabeled substrate at a rate that is much faster than the chemistry. Second, in
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the trideuterated dethiobiotin, the presence of 2H in the positions that do not undergo bond

cleavage could result in a secondary KIE, which would mask or alter the primary KIE. The best

way to sort out these complicating factors is to conduct a follow-up study in which the enzyme

can select between *H and ?H located on the same methyl group.

The goal of this project was to produce pure mono- or di-deuterated dethiobiotin

labeled at the C9 position. Enzymes from the E. coli biosynthetic pathway will be used to make

dethiobiotin and incorporate alanine during the BioF step of the pathway. (Figure 3.3) The C3

methyl of alanine eventually becomes the C9 methyl of biotin. Thus, the synthesis of L-alanine-

3-D and L-alanine-3,3-D; would hypothetically allow the biosynthesis of dethiobiotin-9-D and

dethiobiotin-9,9-D,, respectivively.
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Figure 3.3: Complete biosynthetic pathway for biotin production in E.

3.1.2 Experimental Methods

3.1.2.1 Proposed Synthesis of Mono-Deuterated Alanine
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Starting with L-Serine, | believe that both mono- and di-deuterated alanine molecules

can be synthesized. For both, | would start by protecting both the carboxyl and amine groups

on the amino acid. The carboxyl can be protected by forming a methyl ester using thionyl

chloride in methanol. Then, the amine can be protected by utilizing di-tert-butyl-dicarbonate

with triethylamine in dichloromethane to have a N-tert-butoxycarbonyl (BOC) group, forming

N-Boc-L-alanine methyl ester. To produce the mono-deuterated alanine (Figur3 3.4), the alcohol

would be activated by mesylation with methanesulfonyl chloride in triethylamine and

dichloromethane. The mesylated compound can undergo substitution with a deuteride to form

a protected mono deuterated alanine. Deprotection of the molecule will form the mono-

deuterated alanine.

HO OH

0] O

M

Thionyl chloride

NEt
MeOH 3
T e /\‘)k ~ /\H\ e
0°C—> Reflux
3 hrs
0°C—= RT
Overnight
MsCl
NEt;
DCM
0°C—RT

24hrs

)
NaBD, s
THF
o/

Reflux

Deprotection
-—— D

NH
BOC

Figure 3.4: Proposed synthesis of mono-deuterated-L-alanine using L-serine.

L-Serine methyl ester
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To synthesize L-serine methyl ester, 1.0 g of L-serine is dissolved in 20 mL of anhydrous
methanol and cooled to 0°C. Then 5.9 eq of thionyl chloride was added dropwise over 30 mins.
The reaction was then refluxed for 3 h. The reaction was cooled, concentrated in vacuo to an
oil, and coevaporated repeatedly with diethyl ether. The solid was filtered and washed with

diethyl ether to yield white crystals at a quantitative yield.

N-Boc-L-serine methyl ester

Serine methyl ester (1.13 g from the previous step) was then dissolved in 10 mL of
dichloromethane under N3 gas and cooled to 0°C. Triethylamine (2.5 mL) was then added
dropwise followed by 4.75 mL of di-tert-butyl dicarbonate dissolved in 5mL of dichloromethane.
The reaction was brought to room temperature and stirred overnight. The reaction was then
concentrated in vacuo, dissolved in ~30mL of ethyl acetate, and washed with saturated sodium
bicarbonate and brine. The organic layer was dried over sodium sulfate and concentrated to an
oil. Asilica column was then performed to purify out the product using 1:9, 1:2, 1:1, then 4:1
ethyl acetate: hexanes. The fractions containing the product were identified using TLC, pooled,

and concentrated to yield a yellow oil at ~60% yield.

N-Boc-O-mesyl-L-serine methyl ester

N-Boc-L-serine methyl ester (~2 mL of the oil from above) was then dissolved into 50 mL
of dichloromethane, 2 eq of triethylamine added, and the reaction was cooled to 0°C.
Methanesulfonyl chloride (1.2 eq) was added dropwise and the reaction was brought to

ambient temperature and stirred for 24 h. 10% sodium bicarbonate was added to neutralize the
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reaction and the mixture was concentrated using a rotovap. The slurry is then dissolved in ethyl
acetate (volume?) and washed with water and brine. The organic layer was then concentrated
in vacuo. The product was purified on a silica column with two column volumes of 1:9 ethyl
acetate: hexane, followed by one column volume each of 3:7 and 1:1 ethyl acetate: hexanes

respectively. A white solid was recovered at ~56% yield.

N-Boc-L-alanine methyl ester

N-Boc-O-mesyl-L-serine methyl ester (~0.8 g from above) and sodium borohydride (2.54
eq, 10.2 eq based on H™) was dissolved in THF was added under N»(g). The reaction was
refluxed overnight. Work-up was done with 5% acetic acid, followed by water and brine, then

dried with sodium sulfate and purified on a silica column using 1:1 ethyl acetate hexanes.*

3.1.2.2 Proposed Synthesis of Di-Deuterated-L-Alanine

Although the synthesis of di-deuterated alanine has been worked on minimally, a
proposed synthesis of the molecule was hypothesized for future work. Taking N-BOC-L-alanine
methyl ester synthesized in the scheme from the previous section, the free alcohol can be
oxidized to an aldehyde using a mild oxidant like pyridinium chlorochromate. To the oxidized
product, a deuteride can do nucleophilic attack on the newly formed aldehyde, adding on the
first deuterium to the molecule. After the reduction by the deuteride, the free alcohol can then
undergo mesylation, forming a good leaving group and is subject to substitution by another
equivalent of deuteride. Thus, the protected di-deuterated alanine is formed. Deprotection of

the molecule will formulate the desired di-deuterated L-alanine product.
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Figure 3.5: Proposed scheme to synthesize di-deuterated-L-alanine using L-serine as the starting material.

3.1.2.3 Total Synthesis of dethiobiotin

Preliminary work to attempt a new total synthesis of dethiobiotin was performed. For
the synthesis of dethiobiotin, we began with the syn addition of 2-furanone to N, N-bis(tosyl)
urea to form the double ring structure. To this compound ethylene glycol is used to protect the
C=0 on the amide. From this protected structure, an organolithium could do nucleophilic attack
on the C=0 lactone. This nucleophilic addition can then open up the ring structure producing a
free alcohol and carboxyl group. The carboxyl group will need to be protected with methanol
and acid before mesylation of the alcohol. To the mesylated structure, sodium borohydride can
then be used to do nucleophilic attack and reduce the structure to produce a methyl group.
Alternatively, sodium borodeuteride could also be used to form 9-deutero-dethiobiotin.

Deprotection of the structure will produced the proposed dethiobiotin structure. (Figure 3.6)
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Figure 3.6: Proposed total synthesis of dethiobiotin using 2-furanone and N,N'-bis-(toluenesulfonyl)urea as starting
materials.

N,N'-bis-(toluenesulfonyl)urea

p-Toluenesulfonamide (4.28 g, 25.0 mmol) was added to a flame-dried 2-neck round
bottom flask under N3 gas. 4-Methylbenzenesulfonyl isocyanate (3.80 mL, 25.0 mmol, 1.00
equiv) in 75mL of tetrahydrofuran was added via syringe. The reaction was refluxed. After 16
hrs, the reaction mixture was cooled to room temperature and the solvent was removed to
afford a white solid. 20mL of diethyl ether was then added to the flask and the mixture was
sonicated until the solid became a fine powder. The solid was collected by vacuum filtration

and dried under reduced pressure to produce a white powder at a 56% yield.*®

2-Furanone
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Furfural (10 g) and dichloromethane (50 mL) were added to a three-necked, round-
bottomed flask equipped with two condensers and a dropping funnel. Sodium sulfate (4.16 g)
and N,N-dimethylethanolamine (3.125 g) were then added followed immediately by formic acid
(7.85 mL) over a period of 2 min. 30% Hydrogen peroxide (2 mL) was then added in one
portion. The mixture was stirred vigorously. After 5 min, the mixture was refluxed and another
17 mL of 30% hydrogen peroxide was added dropwise over 3 hrs with continuous stirring.
When the addition was complete, the mixture was vigorously stirred as long as it refluxed and
then stirred gently overnight. The organic phase was separated, and the water phase was
extracted with methylene chloride twice. The methylene chloride phase is washed with two
portions of saturated sodium bisulfite solution and dried over sodium sulfate. After a negative
peroxide test, the solvent was removed. The crude was then purified using a silica column with
one column volume each of 1:9, 1:4, 2:3, 1:1 and 3:2 ratios of ethyl acetate hexanes. This
afforded a clear liquid at a 71% yield.®

Now that the desired starting materials were made, the hypothesized synthesis of
dethiobiotin could begin. N,N'-bis-(toluenesulfonyl)urea (0.1 mmol) and diphenyl diselenide
(0.1 eq) were added to a flame-dried round-bottom flask with stir bar. The flask was then taken
into the glove box and 5.0 eq of sodium fluoride and 1.5 eq of N-fluoropyridinium
tetrafluoroborate were added. The flask was sealed with a septum and removed from the glove
box.

Subsequently, 1.0 mL of acetonitrile was added, followed by 1.2 eq of 4-phenyl-1-
butene and 1.0 eq of 1,1,2,2-tetrachloroethane. The resulting mixture was stirred at room

temperature. After 24 hrs, the reaction mixture was diluted with dichloromethane (1 mL),
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transferred to a scintillation vial with a dichloromethane rinse (3 x 1 mL), and was

concentrated.

3.1.3 Results
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3.1.3.1 Mono- and Di-deuterated-L-alanine

L-serine-methyl ester
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Figure 3.1: *H NMR (CD30D) 6 3.85ppm (s, 1H), 3.94-4.01ppm (2 x dd, 2H), 4.14ppm (t, 1H)|

N-t-butyloxycarbonyl-L-serine-methyl ester

60



2 S 8 R S <
e ¥ ? 7 o < 11000
1900
1800
e Ve /J S 1700
OH 1600
H3C><CH3
o |
He~ 07 TNH “CH, 500
o
L400
1300
200
100
L M\\ JLLJJJ‘ Lo
Hr* T 7 = r
N g o 8 5 g
= = PN oS >
T T T T T T T T T T T T T T T T T T T T T T T T T T T
.2 6.0 58 56 54 52 50 48 46 44 42 40 38 3.6 34 32 30 28 26 24 22 20 18 16 14 12 10
1 (ppm)
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N-butoxycarbonyl-O-mesyl-L-serine-methyl ester
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Attempt at N-butoxycarbonyl-L-alanine-methyl ester
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3.1.3.2 Synthesis of Dethiobiotin
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N,N'"-bis-(toluenesulfonyl)urea

o 3 o Q 100
0 ~ ~ o~
r90
o
A/ QP
S _s 80
/ HC CHy 70
r60
r50
r40
r30
r20
10
o
[ — T e T
o & & 8
o [} <
T

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0
f1 (opm)
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2-furanone
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3.1.4 Discussion
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Progress has been made towards the synthesis of both mono and di deuterated alanine
molecules as well as an initial attempt to synthesize dethiobiotin. For the production of
deuterated alanine, N-Boc-O-mesyl-L-serine methyl ester has been successfully synthesized.
This began with protecting reactive portions of serine with a methyl ester (figure 3.1), followed
by a butyloxycarbonyl protection on the amine end (figure 3.2). Following the protection of
serine, the alcohol is converted into a reactive mesyl group (figure 3.3) to allow for nucleophilic
substitution to occur. The reduction of this molecule through nucleophilic attack at the mesyl
with a hydride was successful but resulted in an unexpected secondary reaction. The
nucleophilic attack of hydride did substitute for and displace the mesyl group, as can be seen
from the doublet at 1.08 ppm, but the reaction also resulted in reduction of the methyl ester to
an alcohol, apparent from the loss of the expected singlet at 3.8 ppm and the appearance of
new coupled peaks at 3.4-3.5 ppm (figure 3.4). Typically, sodium borohydride does not reduce a
methyl ester into alcohol unless the reaction is under acidic conditions. The undesired reaction
may have occurred due to the use of an excess of NaBH4 and a prolonged reaction time.
However, we now know that the reduction at the mesylate is possible once an alternative

protection scheme is devised for the carboxylic acid.
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The synthesis of biotin has hit a roadblock but can still be promising. Upon synthesis of

N,N'-bis-(toluenesulfonyl)urea (figure 3.5) and 2-furanone (figure 3.6), the diamination of the

furanone alkene gave no detectable products. To determine if the reaction was possible, our

lab attempted to reproduce a reaction
published by the Denmark lab at lllinois.*>
Under the same reaction conditions, the
diamination across the alkene of 4-phenyl-1-
butene was attempted. The resulting reaction
produced the expected product, as reported

by Denmark and coworkers (figure 3.7). One

L \u ik 19

T T T ITTT

280787674727068666462605856545'2(50?84644424038353432302826242220
(ppm)

Figure 3.7: Diamnination of 4-phenyl-1-
butene.

possible reason for no reaction with furanone is that the alkene is conjugated to the lactone,

possible altering the reactivity with diphenyl diselenide. Future attempts at this synthesis may

wish to focus on aliphatic alkenes that can be elaborated into the C9 structure of dethiobiotin.

Synthesis of mono- and di-deuterated alanine has resulted in some promising

preliminary results. Future work would be to modify this synthesis in different ways. Other

carboxylic acid protecting groups could be used to not allow the methyl ester to be reduced by

a hydride, such as a benzyl or t-butyl ester. Furthermore, the alcohol could be manipulated into

a more reactive leaving group, for example using a tosyl group. Finally, different type of

hydrides might be used to see if a selective reduction reaction is possible.

The dethiobiotin total synthesis is definitely a longer-term project, but the diamination

across the alkene is a possible starting point. There is one current hurdle: even if the syn urea

addition were successful, there will be two diastereomers (R,S and S,R) that would result, and
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chromatographic resolution would need to be performed. The dethiobiotin synthesis can test
multiple different types of alkenes. Completing these projects can bring us one step closer to
determining the KIE of biotin synthase and help us further understand the mechanism of and

perhaps inhibit this essential enzyme in microorganisms like tuberculosis and E. coli.
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Chapter 4: Conclusions and New Directions

The enzymes in the methionine salvage pathway (MSP) were widely known to only
metabolize 5’-methylthioadenosine. The Jarrett lab has shown that methylthioadenosine
nucleosidase (MtnN) preforms cleavage of the adenosine base for both 5’ -methylthioadenoside
and 5’-deoxyadenosine to 5-methylthioribose and 5-deoxyribose, respectively. This thesis
focused on the next enzyme in the MSP, methylthioribose kinase (MtnK). MtnK is known to
phosphorylate 5-methylthioribose into 5-methylthioribose-1-phosphate. After synthesizing
5-deoxyribose at a 47% overall yield, an assay was performed with MtnK to show that the
phosphorylation of the sugar does occur to produce 5-deoxyribose-1-phosphate. Furthermore,
there is strong evidence to suggest that the «-5-deoxyribose-1-phosphate is produced from this
enzymatic step. Thus, we can conclude that MtnK is promiscuous with both 5-deoxyribose and
5-methylthioribose.

Future work for this project would experiment on the next enzyme in the MSP,
methylthioribose-1-phosphate isomerase (MtnA). MtnA is known to catalyze the isomerization
of 5-methylthioribose-1-phosphate to methylthioribulose-1-phosphate. Thus, continuation of
this project will experiment on the promiscuity of MtnA to convert 5-deoxyribose-1-phosphate
to 5-deoxyribulose-1-phosphate.

Biotin synthase is a key SAM radical enzyme that is present in microbes like E. coli and
Tuberculosis. Experimenting on the kinetic isotope effects (KIE) for this enzyme by modifying
the C9 position of dethiobiotin to either a mono- or di-deuterated dethiobiotin. So far,
preliminary steps to synthesize mono- and di-deuterated-L-alanine have been performed.

Furthermore, starting material to synthesize dethiobiotin has also been performed.
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Future work on the synthesis of a mono- or di-deuterated dethiobiotin at the C9
position would be to complete the synthesis of mono- and di-deuterated-L-alanine. The
attempt to synthesize dethiobiotin will also need to be completed. From this the Jarrett lab is

then able to perfume KIE experiments on biotin synthase so that we can further understand the

chemistry involved in this enzymatic step.
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SI 3: HSQC Spectra to show carbon to proton correlations.
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