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Tuberculosis is the leading cause of infectious disease mortality in the world by a bacterial pathogen. We
previously demonstrated that a bisubstrate inhibitor of the adenylation enzyme MbtA, which is responsible
for the second step of mycobactin biosynthesis, exhibited potent antitubercular activity. Here we systematically
investigate the structure-activity relationships of the bisubstrate inhibitor glycosyl domain resulting in the
identification of a carbocyclic analogue that possesses aKI

appvalue of 2.3 nM and MIC99 values of 1.56µM
againstM. tuberculosisH37Rv. The SAR data suggest the intriguing possibility that the bisubstrate inhibitors
utilize a transporter for entry across the mycobacterial cell envelope. Additionally, we report improved
conditions for the expression of MbtA and biochemical analysis, demonstrating that MbtA follows a random
sequential enzyme mechanism for the adenylation half-reaction.

Introduction

Tuberculosis (TBa) is the leading cause of infectious disease
mortality in the world by a bacterial pathogen, and an estimated
8 million people are diagnosed each year with TB.1 The
emergence of extensively drug-resistant (XDR) TB strains that
are refractory to treatment by the first-line agents isoniazid and
rifampin as well as three or more of the six second-line drugs
is cause for grave concern. The Centers of Disease Control found
that from 2000 to 2004, XDR-TB increased from 5% of
multidrug resistant TB cases to 6.5% worldwide.2 In the
industrialized nations (including the United States) in the survey,
XDR-TB increased from 3 to 11% during this same 5-year
period. Consequently, the development of new drugs is urgently
needed for this virtually untreatable form of TB.

The acquisition of iron byM. tuberculosis and other
pathogenic bacteria is an essential process. In a mammalian host,
the concentration of free iron in serum and body fluids is too
low to support bacterial growth.3 The extracellular iron of the
host is primarily bound by iron transport proteins such as the
transferrins and lactoferrins, while intracellular iron is seques-
tered by heme compounds and iron-sulfur clusters in various
proteins and in the iron storage protein ferritin.4 Therefore,
bacteria have evolved a number of mechanisms to obtain this
vital micronutrient. The most prevalent mechanism involves the
synthesis, secretion, and reuptake of small molecule iron
chelators termed siderophores.4,5 Siderophores extract iron from
host proteins, and the resulting ferric-siderophore complex is

actively imported by dedicated bacterial membrane transporters.6

M. tuberculosisproduces two series of structurally related
peptidic siderophores known as mycobactin-T7 and carboxy-
mycobactins8 that vary by the appended lipid residue and will
be, hereafter, collectively referred to as the “mycobactins”
(Figure 1).9,10 Initially, the mycobactins were regarded as an
“essential substance” because they were found to be required
for growth byMycobacterium paratuberculosis.11 The myco-
bactins were first recognized as potential chemotherapeutic
targets as early as 1945 when J. Francis pointed out that they
would provide a good model for the development of chemo-
therapeutic agents, because if antagonists could be found, then
they would be highly selective.9 Indeed derivatives of myco-
bactins produced through chemical synthesis have been found
to have antituberculosis activity and may likely act as myco-
bactin antagonists.12-14 Recent advances in the understanding
of mycobactin biosynthesis have provided new opportunities
to antagonize siderophore production inM. tuberculosis. The
corresponding biosynthetic genes for these siderophores are
clustered in two different regions of theM. tuberculosis
genome.15-17 The mbt-1 cluster (mbtA-mbtJ) encodes for a set
of proteins that builds the mycobactin core scaffold.16 The mbt-2
locus (mbtK-mbtN) encodes for four gene products responsible
for activation and attachment of the lipid residue.17 Both gene
clusters are transcriptionally regulated by the IdeR repressor
protein that binds Fe(II).18 During iron-limitation, IdeR dissoci-
ates from the promoter region, enabling transcription of thembt
operons.

The crucial role of the mycobactins for virulence was
demonstrated through a targeted genetic disruption ofmbtB,
which blocked mycobactin production.19 Significantly, the
resulting mutant strain was restricted for growth in iron-limiting
media and impaired for growth in macrophage THP-1 cells.19

The siderophore knockout strain ofM. tuberculosis also
exhibited retarded iron acquisition in the phagosomal compart-
ment of macrophages compared to wild-typeM. tuberculosis.20

The finding that mycobactins directly acquire intracellular iron
through lipid trafficking provided the first evidence that these
siderophores are important in vivo.21 Furthermorep-aminosali-
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cylic acid (PAS), a drug used for the treatment of TB, has been
shown to inhibit mycobactin synthesis; however, the large doses
(up to 12 g/day) and resulting gastrointestinal side effects have
relegated PAS to a second-line agent.22,23 In addition, several
other observations have indirectly provided evidence for the
importance of mycobacterial iron metabolism. Thus, iron
overload and active TB infection are inversely correlated,24 and
M. tuberculosiscontaining a constitutively expressed IdeR iron
repressor homologue exhibited attenuated virulence in a BALB/c
mouse model.25 Collectively, these findings have established
the mycobactins and iron acquisition as critical for pathogenesis
of M. tuberculosis.

Mycobactins are mixed-ligand siderophores that are charac-
terized by an aromatic hydroxy acid, which caps theN-terminus
of a highly modified peptidic scaffold.5 These are biosynthesized
by large modular enzymes termed the nonribosomal peptide
synthetases (NRPSs) because they operate independently of the
mRNA templated ribosomal machinery and function analo-
gously to the well-studied type I polyketide synthases (PKSs)
with their modular organization and use of a thiotemplate
mechanism.26,27 The enzymology of NRPS-catalyzed sidero-
phore biosynthesis has been intensively investigated over the
past decade, enabling the rational design of small molecule
inhibitors toward these proteins.28

The mycobactin core scaffold is synthesized through the
activity of six enzymes MbtA-F that comprise a mixed NRPS-
PKS assembly line.15-17 The salicylic acid starter unit is
prepared by a dedicated enzyme, MbtI, which utilizes the
primary metabolite chorismate as a substrate.29-31 Biosynthesis
is initiated by the stand-alone adenylation enzyme MbtA, which
activates salicylic acid at the expense of ATP and loads the
adenylated intermediate onto the thiolation domain of MbtB,
where it undergoes sequential elongation by serine (catalyzed
by MbtB), lysine (catalyzed by MbtE), two malonyl CoA’s (to
form the â-hydroxybutyrate residuescatalyzed by the PKS
enzymes MbtC and MbtD), and another molecule of lysine
(catalyzed by MbtF).16 Additional modifications through lipi-
dation (catalyzed by MbtK) andN-hydroxylation (catalyzed by
MbtG) of the lysine residues provides the mycobactins.17,32,33

The second biosynthetic step, catalyzed by MbtA, is an
attractive point to block for the following reasons. First, the
adenylating enzyme MbtA is a member of the well-studied
adenylate-forming enzyme superfamily, and inhibitors of the
functionally related aminoacyl tRNA synthetases have already
been developed and are used clinically (e.g., mupirocinsa
topical antibiotic, an inhibitor of isoleucyl tRNA synthetase).34,35

Second, the crystal structures of the adenylation domains DhbE
determined by Stubbs and co-workers allowed the development
of a homology model of MbtA.36 Third, comparison ofmbtA
to the human proteome showed no functional homologs. Fourth,
inhibitors toward the adenylation protein MbtA are expected
to be useful against the biosynthesis of a wide array of
structurally diverse siderophores that are capped with an aryl
acid.28 Finally, the mycobactin auxotrophy ofM. paratubercu-
losis was recently shown to be due to a truncation ofmbtA.37

MbtA incorporates salicylic acid into the mycobactin core
scaffold, using a two-step reaction that is mechanistically similar

in most members of the adenylate-forming enzyme superfamily
and the functionally related aminoacyl tRNA synthetases.27,38

In the adenylation or first half-reaction, binding of ATP and
salicylic acid1 is followed by nucleophilic attack of the substrate
carboxylate on theR-phosphate of ATP to generate a tightly
bound acyl adenylate2 and the release of pyrophosphate (Figure
1). In the acylation or second half-reaction, the enzyme binds
the phosphopantetheine cofactor of the N-terminal thiolation
domain of MbtB and transfers the acyl adenylate2 onto the
nucleophilic sulfur atom of this cofactor moiety to provide
salicyl-bound-MbtB3, which is ultimately elaborated to the
mycobactins.

The reaction mechanism catalyzed by MbtA presents several
opportunities to develop inhibitors against MbtA. The finding
that acyl adenylate species bind several orders of magnitude
more tightly than the substrate acids suggests that analogues
incorporating stable linkers as bioisosteres of the labile acylphos-
phate function will provide potent enzyme inhibitors.34,39 This
tight binding is essential to ensure that the acyl adenylate is
not lost to the bulk solvent through diffusion before this is
channeled to the corresponding acceptor residue. Additionally,
sequestering the acyl adenylate by the enzyme may reduce the
likelihood of adventitious hydrolysis of the mixed phosphoric-
carboxylic acid anhydride. Inhibitors based on this design
principle are considered bisubstrate inhibitors because they are
expected to interact with both substrate binding pockets.40

Bisubstrate inhibitors that simply mimic the acyl adenylate
intermediate can be further classified as intermediate mimetics.35

The inhibitor scaffold is thus comprised of four domains (Figure
2). Modifications of the linker region have been most extensively
investigated.39,41-44 Previously, we synthesized acylsulfamate,
acylsulfamide,â-ketophosphonate, acyltriazole, sulfamate,â-ke-
tosulfonamide, andR,R-difluoro-â-ketosulfonamide linkages as
surrogates for the labile acylphosphate linkage.44,45Among these
salicyl-AMS inhibitors6 and7 incorporating the acylsulfamate
and acylsulfamide linkages, respectively, exhibited the highest
activity (see Figure 2). In this article, we have systematically
examined the role of the ribose subunit of the salicyl-AMS
inhibitor scaffold through the preparation of inhibitors8-13

Figure 1. Biosynthesis of the mycobactins by a mixed NRPS-PKS assembly line initiated by MbtA.

Figure 2. The bisubstrate inhibitor template is comprised of four
domains: aryl, linker, glycosyl, and base. The acylphosphate linkage
of the acyl adenylate intermediate2 is mimicked by an acylsulfamate
linkage in salicyl-AMS6. The expanded portion of the figure shows
the glycosyl modifications described herein.
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(Figure 2). Additionally, we report the cloning, overexpression,
and purification of MbtA. Biochemical analysis of MbtA using
a bisubstrate inhibitor has provided details into the reaction
mechanism of the first half-reaction catalyzed by a NRPS
adenylating enzyme. Comparison of the in vitro enzyme
inhibition of MbtA as well as in vivo activity against whole-
cell M. tuberculosishas yielded important insight into specificity
of inhibitor uptake byM. tuberculosis.

Results

Chemistry. Inspired by the work of Vince and co-workers,
we initially investigated the synthesis of carbocyclic analog8,
wherein the ribofuranose ring oxygen is replaced by a CH2.
Removal of the labile glycosidic linkage is expected to increase
both the lipophilicity and the metabolic stability.46 The synthesis
of 8 was most efficiently carried out from aristeromycin14, a
nucleoside antibiotic produced byStreptomyces citricolor.47

Protection of14 as the acetonide48 followed by sulfamoylation
afforded15.49 Salicylation with NHS ester16 in the presence
of DBU provided17, which was deprotected with 80% aqueous
TFA to furnish8 (Scheme 1).

The importance of the 2′- and 3′-hydroxyls of the ribofuranose
moiety was explored by the preparation of analogues9 and10.
Initially, the chemistry was optimized on the 2′-deoxy nucleo-
side. Consistent with the greater instability of 2′-deoxy nucleo-
sides, we found that9 was unstable under acidic conditions (80%
aq TFA, 3 h) previously employed for the synthesis of several
analogues and for the conversion of20 to 21 (Vide infra).44 The
choice of the benzyl ether to protect the salicyl group was guided
by this consideration. The synthesis of analogue9 began with
bis-silylation of18 to afford20, followed by selective removal
(50% aq TFA, 0°C, 3 h)42 of the 5′-O-TBS to provide21, which
was sulfamoylated to yield24 (Scheme 2). Our established
salicylation protocol with26, employing DBU as base, afforded
a recalcitrant DBU salt of27, which was deprotected to afford
the DBU salt of9. The DBU could not be removed by ion-
exchange or by chromatography (coeluting with 1% Et3N) that
had previously been successful in cases where the DBU salt
was obtained. We believe that the DBU salt forms a very tight
complex as we observed the [M+DBU+H]+ ion by mass
spectrometry. Additionally, we observed that the DBU salt of
9 was inactive in both the in vitro enzyme assay and against a
whole-cell assay ofM. tuberculosis(data not shown), while the
triethylammonium salt of9 displayed potent activity (Vide infra).
The lack of activity of the DBU salt also provides strong
corroborating evidence that this forms a tight complex with the
inhibitor. Thus, we turned to our complementary method
employing Cs2CO3 as base. Successful coupling of24 to NHS

ester2644 was realized employing 3 equiv of Cs2CO3 to provide
27. Sequential deprotection of the benzyl ether by catalytic
hydrogenation to29 and TBS ether with TBAF afforded9.
Synthesis of inhibitor10 was initiated from the nucleoside
antibiotic cordycepin19 using an analogous series of reactions
(Scheme 2). Protection as the di-O-TBS ether22, followed by
the selective cleavage of the 5′-O-TBS, optimally proceeded
using p-TsOH in methanol to provide23. Sulfamoylation of
the 5′-OH afforded25 that was coupled to26 employing DBU
to provide28, which was isolated as the triethylammonium salt
illustrating the capricious nature of this reaction. Sequential
deprotection of the benzyl ether by catalytic hydrogenation to
30 and TBS ether with 80% aq TFA afforded10.

We also examined analogues11 and12 lacking both the 2′-
and 3′-hydroxyl groups. For these analogues, the carbocyclic
sugar analogue was employed due to its greater stability.
Aristeromycin 14 was transformed to a cyclic orthoester31
using triethyl orthoformate and perchloric acid (Scheme 3).50

Treatment of the resulting orthoester in refluxing Ac2O followed
by 4 N aq HClafforded32 with an overall yield of 48% from
14.50 Compound32 was sulfamoylated to yield33, which was
coupled to NHS ester16 mediated by DBU to afford34.
Deprotection of34 with 80% aqueous TFA provided analogue
11. Catalytic hydrogenation of11 provided the fully reduced
dideoxy analog12.

Scheme 1a

a Reaction conditions: (a) 2,2′-dimethoxypropane, MeSO3H, acetone,
84%; (b) NH2SO2Cl, NaH, DME, 63%; (c) DBU, DMF, 60%; (d) 80% aq
TFA, 66%.

Scheme 2a

a Reaction conditions: (a) TBSCl, imidazole, cat. DMAP, DMF, 84%
(20); (b) 50% aq TFA, 60%; (c)p-TsOH, MeOH, 78% over 2 steps (23);
(d) NH2SO2Cl, NaH, DME, 38% (24), 82% (25); (e) Cs2CO3, DMF; (f)
DBU, DMF, 87% (28); (g) Pd/C, H2, MeOH, 17% over 2 steps (29); (h)
TBAF, THF, 50%; (i) 80% aq TFA, 53% over 2 steps.

Scheme 3a

a Reaction conditions: (a) HC(OMe)3, pTsOH; (b) (i) Ac2O, (ii ) 6 N
HCl, 48% from14; (c) NH2SO2Cl, NaH, DME, 55%; (d)16, DBU, DMF,
81%; (e) 80% aq TFA, 80%; (f) Pd/C, H2, MeOH, 36%.
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Additionally, the acyclo analogue13 was prepared starting
from the acyclo nucleoside3551, which was sulfamoylated to
provide 36 (Scheme 4).49 Coupling of 36 with NHS ester26
provided37. Catalytic hydrogenation of37 afforded the acyclo
analog13.

Biochemistry/Enzymology. Walsh and co-workers previ-
ously overexpressed MbtA as a N-terminal maltose binding
protein (MBP) fusion with a C-terminal hexa-his tag; however,
the total yield of protein obtained after purification and removal
of the MBP was approximately 0.1 mg protein per L of culture.16

To obtain adequate amounts of protein for biochemical analysis,
MbtA was subcloned from BAC143Rv (kindly provided by Dr.
Stewart Cole, Institute Pasteur15) into pET-SUMO, which
incorporates an N-terminal hexa-his SUMO tag onto the
corresponding gene product.42 Coexpression with the chaperones
GroEL and GroES from the plasmid pGRO7 (Takara) were
found to further improve expression levels 10-20-fold. Expres-
sion with these chaperones necessitated additional processing
to remove GroEL from MbtA before subsequent Ni affinity
purification. This was accomplished employing a modified
protocol using ATP and denaturedE. coli proteins to cause
GroEL to release MbtA and bind to the denatured proteins.52

Recombinant MbtA was purified by Ni-NTA affinity chroma-
tography. Cleavage of the (his)6-SUMO tag with SUMO
protease and subsequent Ni-NTA affinity chromatography to
remove the SUMO fragment and his-tagged protease provided
native MbtA (2 mg/L) in approximately 95% purity, as
determined by SDS-PAGE (Supporting Information, Figure S1).
For each batch of enzyme prepared, the amount of active
enzyme was determined by titrating with tight-binding inhibitor
8 (For a representative plot, see Supporting Information, Figure
S2).53

Determination of the steady-state kinetic parameters of
salicylic acid and ATP as well as inhibition of MbtA by the
bisubstrate inhibitors was measured using a [32P]PPi-ATP
exchange assay.54 The assay exploits the equilibrium nature of
the adenylation reaction which can be summarized as follows:
E + S + ATP / [E‚S-AMP] + PPi. Because the product
S-AMP remains tightly bound to the enzyme, a steady-state
kinetic analysis in the forward direction cannot be performed
due to product inhibition. However, measurement in the reverse
direction is readily performed using [32P]PPi and following its
incorporation intoγ-[32P]ATP.

TheKM of ATP with MbtA has not been previously reported
and was experimentally determined as 184( 24 µM by
measuringV0 as a function of [ATP] to provide a saturation
curve, which was fit by nonlinear regression analysis to the
Michaelis-Menten equation (Supporting Information, Figure
S3). Analogously, theKM of salicylic acid was determined as
3.3 ( 0.5 µM (literature16 9.0 µM: MbtA with a C-terminal
His-tag) by measuringV0 as a function of salicylic acid [Sal]
(Supporting Information, Figure S4).

To evaluate whether the tight-binding inhibitors exhibited
time-dependent inhibition, a time-course analysis was performed.
The reaction velocity remained linear from 2-20 min when
both6 and [32P]PPi were added att0. Thus, the inhibitor reached
a rapid equilibrium, consistent with earlier reports of acylsulfa-
mate bisubstrate inhibitors with isoleucine tRNA synthetase.55,56

Nevertheless, to ensure that the reaction was at steady-state, all
substrates (ATP, PPi, salicylic acid) and inhibitor were prein-
cubated for 10 min and observation of the residual enzyme
activity was measured by addition of [32P]PPi at t0. The initial
rates,V0, at a given [I] were determined by single time point
stopped-time incubations at 20 min. Because the inhibitors
exhibited tight-binding behavior (KI

app< 200‚[E]), the fractional
initial velocities (Vi/V0) and [I] were fit to the Morrison equation
(eq 1, see Experimental Section) by nonlinear regression
analysis, constraining [E] where Vi is the initial velocity with
inhibitor and V0 represents the initial velocity for a DMSO
control to obtainKI

app values for8-13.40,57 A representative
plot is shown in Figure 3 (see Supporting Information, Figures
S5-S9). The [E] was experimentally determined by active-site
titration with 8.

TheKI
appof the parent ribose inhibitor6 was found to be 6.6

nM (Table 1). Replacement of the 5′-oxygen atom of the ribose
moiety with a nitrogen atom in analogue7 led to a 1.8-fold
increase in activity (7 vs 6). Carbocyclic analogue8 displayed
potent inhibition with aKI

app of 2.3 nM, which represents a
3-fold increase in activity (8 vs 6), suggesting that the ring-
oxygen does not participate in H bonding. To more precisely
map out the structural requirements of the ribofuranose subunit,
analogues9 and10 were evaluated. Deletion of the 2′-alcohol
in 9 led to an approximately 2-fold increase in activity (9 vs
6), while deletion of the 3′-alcohol in analogue10also resulted
in a 2-fold increase in potency (10 vs 6). The dideoxy-dehydro
carbocyclic analogue11 exhibited a 126-fold loss in binding
affinity (11 vs 6), but still maintained submicromolar enzyme
inhibition. Dideoxy carbocyclic analogue12 was found to
possess a mere 9-fold decrease in binding affinity (12 vs 6)
despite the removal of both the 2′- and 3′-alcohols and the
ribofuranose ring oxygen. Thus, an approximately 14-fold was
regained by simply reducing the unsaturation in11 (12 vs 11).

Scheme 4a

a Reaction conditions: (a) NH2SO2Cl, NaH, DME, 45%; (b)26, DBU,
DMF, 44%; (c) Pd/C, H2, MeOH, 98%.

Figure 3. Dose-response of fractional initial velocity ofγ-[32P]-ATP
formation catalyzed by MbtA as a function of inhibitor8 concentration.
The curve represents the best nonlinear fit of the data to the Morrison
equation. The data points represent the mean with standard error of
duplicate experiments.
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The acyclo analogue13exhibited a profound 2530-fold decrease
in activity (13 vs 6), clearly demonstrating the importance of
the conformational rigidity of the parent ribose moiety.

Carbocyclic inhibitor8, which represents the most potent
inhibitor, was selected for further biochemical evaluation to
determine the modality of inhibition and, hence, the true
inhibition constant. The apparent inhibition constant (KI

app) of
8 was determined as a function of [ATP] from 5-55‚KM

(ATP).
The KI

app varied linearly with [ATP], demonstrating that this
inhibitor is competitive with respect to ATP (Figure 4A). Based
on the Cheng-Prusoff equation (see eq 2, Experimental Section)
for a competitive tight-binding inhibitor, the inhibition constant
KI′ ) 0.038( 0.007 nM with respect to the varied substrate
(ATP) at a given concentration of the nonvaried substrate
(salicylic acid).58 For a bisubstrate inhibitor,KI′ also depends
on the concentration of the nonvaried substrate because of

overlapping binding sites.59,60Next, theKI′ of 8 was determined
as a function of the nonvaried substrate salicylic acid [Sal] from
5-50‚KM

(Sal) at fixed concentrations of ATP. TheKI′ was also
found to vary linearly with [Sal], demonstrating that this
inhibitor is also competitive with respect to salicylic acid (Figure
4B). Due to the tight-binding nature of8, we rapidly reached
the limit of the Morrison equation to determineKI

app values
(KI

app< 1/100‚[E]) when [ATP] and [Sal] were simultaneously
varied precluding determination of the true inhibition con-
stant.60

Molecular Modeling. To investigate the structural basis for
the in vitro activity results, we docked each compound into a
homology model based on the X-ray structure of the homolog
DhbE.36 Key interactions of the nucleoside region of6 appear
in Figure 5. The hydrogen-bonding pattern of the lowest energy
structure was identical to that seen for the natural phosphate

Table 1. SAR of the Glycosyl Domain

a ClogP values were calculated using QikProp software (Schro¨dinger).b Grown in GAST media without added Fe3+. c Grown in desferrated BHI media
without added Fe3+. d Not applicable.e Not determined.f See ref 44.g See ref 45.

Figure 4. (A) KI
app as a function of ATP concentration. (B)KI

app as a function of salicylic acid concentration.
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intermediate in the DhbE X-ray structure. The sugar pucker,
3′-endo, was also conserved, and the lowest energy conformation
deviated from the X-ray structure’s ligand by only 0.22 Å rms.
The deletion of the 2′- or 3′-hydroxyl in 9 and10 did not alter
the C3′-endo pucker of the lowest-energy structure, despite the
loss of two hydrogen bonds in each case. The small change in
the in vitro activity of8 relative to the parent compound was
consistent with the DhbE structure, where the 4′-oxygen was
3.6 Å from the nearest possible hydrogen bonding donor, the
side chain of Lys519. Our modeling of6 and7 confirmed this
lack of a hydrogen-bonding partner for ribose-based ligands.
The other single-heteroatom change, in7, also resulted in no
significant structural changes, although the 5′-NH to Lys519
hydrogen bond had a slightly less favorable geometric config-
uration than the parent compound. However, the 5′-NH was
able to form an internal hydrogen bond with the aryl carbonyl.

With most of the single heteroatom substitutions, two
conformations of the C4′-C5′-O5′-S linker were observed,
one matching the DhbE X-ray structure and the other pivoting
the two central atoms and breaking the O5′-Lys519 hydrogen
bond. However, for the carbocycle8, only the alternate
conformation was observed, suggesting that this hydrogen bond
is not critical for activity.

Compounds11-13 involved more significant chemical
changes. The 3′-endo pucker was maintained in12, but as with
the carbocycle8, the lowest energy structure showed the loss
of the O5′-Lys519 hydrogen bond. Although the∼10-fold
lower in vitro activity of this compound likely resulted from
the loss of hydrogen-bonding interactions, the X-ray structure
of DhbE in the absence of a ligand showed a slight movement
of Arg428, allowing it to form a salt bridge with Asp413.
Therefore,12 may bind without a large energy penalty for
desolvating Asp413. The more significant (∼100-fold) loss of
activity for 11 was likely due to strain, as the experimentally
observed C3′-endo pucker would distort planarity around the
double bond. The lowest energy structure was indeed distorted,
with a C4′-exo pucker, although the pucker amplitude was
reduced relative to6 (16.4 vs 39.4, calculated using PROSIT).61

Finally, 13 docked with the conformation expected for active
compounds (0.51 Å rms relative to the DhbE X-ray structure),
but the remaining sugar atoms shifted∼0.75 Å into the space
generated by deleting C2′ and C3′.

Biological Activity Against Whole-Cell Mycobacterium
tuberculosis and Yersinia pseudotuberculosis. All inhibitors
synthesized above were evaluated against whole-cellM. tuber-
culosisH37Rv under iron-limiting conditions. The whole-cell
assay also measures inherent resistance, such as membrane
permeability, a factor that is not assessed with the in vitro

enzyme assay.19 The minimum inhibitory concentrations (MIC99)
that inhibited complete growth ofM. tuberculosisare shown in
Table 1. Isoniazid was used as a positive control, while DMSO
was employed as a negative control. The previously determined
MIC99 values of compounds6 and 7 are shown for compari-
son.44 Both of these compounds display activity rivaling the
first line antitubercular agent isoniazid. The carbocyclic analogue
8 displayed an MIC99 of 1.56 µM, which represents a 5-fold
loss of activity relative to the parent compound6. Similarly
the 2′- and 3′-deoxy derivatives9 and10displayed MIC99 values
of 25 and 1.56µM, respectively. However, removal of both
the 2′- and 3′-alcohols in cyclopentene analogue11 resulted in
complete loss of activity consistent with its poor enzyme
inhibition (KI

app ) 830 nM). The removal of the 2′- and 3′-
oxygen atoms in12 resulted in total loss of in vivo activity
despite its moderate in vitro activity (KI

app) 61 nM). The acyclo
adenosine analog13 was inactive in accord with its weak
enzyme inhibition (KI

app ) 16.7µM). Additionally, several of
the compounds were assessed for activity against an isolate of
Yersinia pseudotuberculosis, which, likeY. pestis, requires the
salicyl-capped NRPS-PKS-derived siderophore known as yers-
iniabactin for growth under iron-limiting conditions.62 Biosyn-
thesis of yersiniabactin is initiated by the adenylating enzyme
YbtE, which shows 39% amino acid identity to MbtA, but
absolute conservation of putative nucleoside binding resi-
dues.42,44The parent compound6 exhibited moderate inhibition
with a MIC99 of 20 µM, and 3-deoxy analogue10 possessed
an MIC99 of 80 µM. Carbocyclic8, cyclopentene analogue11,
and acyclo analogue13 displayed no inhibition ofY. pseudotu-
berculosisgrowth up to 100µM.

Discussion

Inhibition of siderophore biosynthesis has emerged as an
attractive strategy to develop novel antibiotics against pathogens
that require siderophores for virulence.42-44,63-65 In this report,
we have systematically investigated the SAR of the glycosyl
domain of our salicyl-nucleoside bisubstrate inhibitor. In
particular, in vitro results against MbtA showed that deletion
of the 3′- and 4′-oxygen atoms were generally well tolerated,
while deletion of the 2′ oxygen and modifications making the
sugar more (13) or less (11) flexible were detrimental. The
activity of carbocyclic analog8 was especially significant. A
major metabolic and decomposition pathway of nucleosides
involves expulsion of the nucleobase as a result of the
chemically and enzymatically susceptible glycosidic bond, thus
carbocyclic analog8 is noteworthy because this glycosidic bond
is replaced by a stable linkage. Overall, in vitro enzyme
inhibition and in vivo antimycobacterial activity were well
correlated except for analogue12, which displayed potent
enzyme inhibition toward MbtA, yet had no antimycobacterial
activity. The parent acylsulfamate6 and 3-deoxy analogue10
were also found to be moderate inhibitors ofY. pseudotuber-
culosisgrowth, demonstrating that these inhibitors are effective
against other siderophore-producing bacteria under iron-limiting
conditions. The reasons for the reduced activities of these
compounds againstY. pseudotuberculosisare not clear but
suggest that in vitro comparisons of YbtE and MbtA as well as
other physiological studies are needed for development of
analogs active against other pathogens.

We postulate that the lack of bioactivity of12 is a result of
hindered transport and by corollary propose that the sugar moiety
of the nucleoside subunit is critical for recognition by a putative
transporter(s). In general, acyl adenylate intermediate mimetics
developed for the functionally related aminoacyl tRNA syn-

Figure 5. Schematic diagram of key nucleoside/protein interactions
for analog6 based on docking. For comparison with the DhbE X-ray
structure, residues are numbered according to PDB entry 1MDB.36
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thetases were found to display excellent enzyme inhibition, but
were inactive in vivo against whole-cell microorganisms as a
result of limited membrane permeability, a problem that was
expected to be exacerbated with the imposing mycobacterial
cell envelope.35 The findings that the bisubstrate inhibitors such
as6 possess potent submicromolar MIC99 values provides strong
evidence that these compounds are using a transporter for
uptake. The mycobacterial cell wall provides a permeability
barrier to hydrophilic solutes that results in intrinsic resistance
to many antibacterial agents.66 To obtain vital nutrients and
cofactors,M. tuberculosispossesses an astonishing 37 ABC
(ATP-dependent binding cassette) transporters of which 16 have
been unambiguously assigned as importers responsible for
assimilation of amino acid, nucleotides, and other essential
cofactors.67 Rodriguez and Smith recently reported that the gene
products of Rv1345 and Rv1347 encode for an ABC transporter
responsible for transport of carboxymycobactin.68 Additionally,
M. tuberculosistransports many hydrophilic solutes via facili-
tated diffusion mediated by a class of proteins known as the
porins (the major porin is known as MspA), which have also
been shown to play an important role in the transport of
antibiotics such asâ-lactams and aminoglycosides.69 The
availability of targeted disruption mutants of several ABC
transporters and MspA should enable the identification of the
transporter(s) responsible for uptake of the bisubstrate inhibitors.
Alternatively, identification of resistant-conferring mutations in
M. tuberculosistoward the nucleoside bisubstrate inhibitors
described herein may also lead to the identification of the
transporter of these antibacterial agents.

Inhibition of complex biosynthetic pathways is most effective
when targeting the rate-limiting biosynthetic step. However,
neither the rate of mycobactin synthesis byM. tuberculosisnor
the rate-limiting biosynthetic step is known. Thus far, only
MbtA, the N-terminal carrier domain of MbtB, the phospho-
pantetheinyl transferase MbtT, and the tailoring enzymes
MbtK-MbtN have been functionally characterized.16,17 The
approximately 2-3 log difference betweenKI

appand the MIC99

value could be partially due to the requirement to fully abrogate
MbtA activity, if this is not the rate-limiting step. Walsh and
co-workers have measured the rates of aryl acid activation by
EntE, the adenylation enzyme involved in synthesis of the
siderophore enterobactin.70 EntE catalyzes the activation and
loading of 2,3-dihydroxybenzoic acid onto the cognate carrier
domain of EntB and proceeds withkcat of 130 min-1.70 Thus, it
is quite likely that the rate of activation catalyzed by MbtA is
fast with respect to the overall rate of mycobactin synthesis. A
greater understanding of the enzymology of the other proteins
(MbtB-MbtI) and determination of the rate of mycobactin
synthesis in vivo will be necessary to establish whether MbtA
catalyzes the rate-limiting step. The recently reported crystal
structures of MbtI and MbtK pave the way for the rational design
of inhibitors toward these enzymes.30,31,33Because MbtI cata-
lyzes the very first biosynthetic step, inhibitors toward MbtI
could display synergy with those of MbtA because these
enzymes catalyze consecutive biosynthetic steps.

Another important consideration for inhibitor design is an
understanding of enzyme reaction mechanism. Despite a
preponderance of bioinformatic,71,72 biochemical,70,73,74 and
structural studies36,75of NRPS adenylation domains, the detailed
reaction mechanism of these adenylation domains has not been
fully elucidated.27,38Bisubstrate inhibitors can serve as powerful
mechanistic probes for multisubstrate reactions and allow one
to discriminate among related reaction mechanisms.60 The
competitive inhibition pattern observed in the adenylation half-

reaction toward both ATP and salicylic acid for the bisubstrate
inhibitor 8 is diagnostic for an equilibrium random mechanism.60

Quadri and co-workers observed that YbtE and bisubstrate
inhibitor 6 display competitive behavior with respect to ATP
and uncompetitive with respect to salicylic acid.42 However, as
discussed extensively by Fromm, this inhibition pattern for a
bisubstrate inhibitor can arise from either a sequential ordered
or random mechanism.60

The significance of an understanding of the reaction mech-
anism is 2-fold. First, it provides a model for inhibitor binding
with either the nucleoside or salicyl domain of the bisubstrate
inhibitor first docking into the active site, followed by binding
of the other respective domain. Second, the inhibitors must
compete with both ATP and salicylic acid. Salicylic acid is an
abundant metabolite ofM. tuberculosis, as well as many other
pathogens. In fact, the concentration of salicylic acid has been
measured as high as 200µM or approximately 40KM

Sal in
growing cultures ofM. smegmatis.76 Consequently, theKI

app

values measured herein may represent an accurate measure of
in vivo inhibitor efficacy, because these were measured under
supersaturating substrate conditions (salicylic acid was 250µM
or 50‚KM

Sal and ATP was set at 10 mM or 50‚KM
ATP).

Conclusion

In conclusion, we have reported the systematic evaluation of
the structure-activity relationships of the bisubstrate inhibitor
glycosyl domain that govern binding toward MbtA and in vivo
activity againstM. tuberculosis. Molecular modeling has been
used to interpret the SAR data. These studies have provided a
foundation for future SAR campaigns, and we have importantly
identified several modifications to the glycosyl inhibitor template
that can be used to modulate the pharmacodynamic and
pharmacokinetic properties of the inhibitors. The intriguing
possibility that the bisubstrate inhibitors utilize a transporter for
entry across the mycobacterial cell envelope is supported by
SAR studies. Efforts are now underway to examine the
importance of the aryl and base domains of the bisubstrate
template to identify sites amenable to modification. Detailed
pharmacokinetic, toxicity, and mechanism of action studies of
the designed bisubstrate inhibitors are underway, and the results
will be reported in due course.

Experimental Section

Chemistry General Procedures. All commercial reagents
(Sigma-Aldrich, Acros) were used as provided unless otherwise
indicated. Aristeromycin (14) and acycloadenosine (34) were kindly
provided by Prof. Robert Vince (University of Minnesota, Min-
neapolis, MN). 2-Deoxyadenosine and 3-deoxyadenosine were
obtained from Berry and Associates (Dexter, MI). An anhydrous
solvent dispensing system (J. C. Meyer) using two packed columns
of neutral alumina was used for drying THF and CH2Cl2, while
two packed columns of 4 Å molecular sieves were used to dry
DMF, and the solvents were dispensed under argon. Anhydrous
DME was purchased from Aldrich and used as provided. Flash
chromatography was performed with Silia P grade silica gel 60
(Silicycle) with the indicated solvent system. All reactions were
performed under an inert atmosphere of dry Ar or N2 in oven-
dried (150°C) glassware.1H and13C NMR spectra were recorded
on a Varian 600 MHz spectrometer. Proton chemical shifts are
reported in ppm from an internal standard of residual chloroform
(7.26 ppm) or methanol (3.31 ppm), and carbon chemical shifts
are reported using an internal standard of residual chloroform (77.0
ppm) or methanol (49.1 ppm). Proton chemical data are reported
as follows: chemical shift, multiplicity (s) singlet, d) doublet,
t ) triplet, q ) quartet, p) pentet, m) multiplet, br ) broad),
coupling constant, integration. High-resolution mass spectra were
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obtained on an Agilent TOF II TOF/MS instrument equipped with
either an ESI or APCI interface. Optical rotations were measured
on Rudolph Autopol III polarimeter. Melting points were measured
on electrothermal Mel-Temp manual melting point apparatus and
are uncorrected.

General Procedure for Sulfamoylation.77 To a solution of 2′,3′-
O-isopropylidene protected nucleoside (1 mmol, 1 equiv) in DME
(50 mL) at 0°C was added NaH (60% suspension in mineral oil,
1.5 mmol, 1.5 equiv). After 30 min, a solution of sulfamoyl chloride
(1.5 mmol, 1.5 equiv) in DME (10 mL) was added dropwise over
5 min, and the reaction was stirred 16 h at rt. The reaction was
quenched at 0°C with MeOH (10 mL) then concentrated under
reduced pressure. Purification by flash chromatography afforded
the title compound. Due to the instability of the products, HRMS
data could not be obtained using either ESI(() or APCI(() to
identify the molecular ion peak. Mass peaks corresponding to loss
of the sulfamoyl moiety [M-SO2NH2]+ were observed in some cases
(data not shown).

General Procedures for Salicylation. Procedure A.To a
solution of 2′,3′-O-isopropylidene-protected 5′-O-sulfamoylated
nucleoside (1.0 mmol, 1.0 equiv) in DMF (30 mL) at 0°C was
added NHS ester (3.0 mmol, 3.0 equiv) followed by DBU (1.5
mmol, 1.5 equiv), and the reaction was stirred 16 h at rt. The
reaction mixture was concentrated under reduced pressure. Purifica-
tion by flash chromatography using a mixture of MeOH and EtOAc
containing 1% Et3N afforded the title compounds.Procedure B.
To a solution of 2′,3′-O-isopropylidene-protected 5′-O-sulfa-
moylated nucleoside (1.0 mmol, 1.0 equiv) in DMF (30 mL) at 0
°C was added NHS ester (3.0 mmol, 3.0 equiv) followed by Cs2-
CO3 (3.0 mmol, 3.0 equiv), and the reaction was stirred 16 h at rt.
The reaction mixture was filtered to remove solids and washed with
a small quantity of DMF. Concentration under reduced pressure
followed by purification by flash chromatography using a mixture
of MeOH and EtOAc containing 1% Et3N afforded the title
compounds.

2′,3-O-Isopropylidene-5′-O-(sulfamoyl)aristeromycin (15).This
was prepared from 2′,3′-O-isopropylidenearisteromycin48 (290 mg,
0.95 mmol, 1.0 equiv) using the general procedure for sulfamoy-
lation. Purification by flash chromatography (4:1 EtOAc/MeOH)
afforded the title compound as a thick oil (230 mg, 63%):Rf )
0.70 (3:1 EtOAc/MeOH); [R]20

D -6.6 (c 1.8, CH3OH); 1H NMR
(600 MHz, CD3OD) δ 1.29 (s, 3H), 1.54 (s, 3H), 2.37 (q,J ) 12.0
Hz, 1H), 2.46-2.54 (m, 1H), 2.54-2.64 (m, 1H), 4.24 (dd,J )
16.2, 6.6 Hz, 1H), 4.28 (dd,J ) 16.2, 6.6 Hz, 1H), 4.70 (t,J ) 6.0
Hz, 1H), 4.88-4.96 (m, 1H), 5.09 (t,J ) 6.6 Hz, 1H), 8.19 (s,
1H), 8.21 (s, 1H);13C NMR (150 MHz, CDCl3) δ 25.4, 27.7, 34.9,
44.5, 62.6, 71.1, 82.2, 84.8, 115.3, 120.6, 141.6, 150.7, 153.6, 157.4.

N-Hydroxysuccinimidyl 2-(methoxymethyloxy)benzoate (16).
A solution of LiOH (660 mg, 27.5 mmol, 3.0 equiv) in MeOH (18
mL) and water (2 mL) was added to methyl 2-(methoxymethyloxy)-
benzoate78 (1.81 g, 9.17 mmol, 1.0 equiv), and the reaction mixture
was refluxed for 4 h. The reaction mixture was concentrated, the
residue was dissolved in H2O (20 mL), and the pH was adjusted to
3 and then extracted with EtOAc (3× 50 mL). The combined
organic extracts were concentrated to afford 2-(methoxymethyloxy)-
benzoic acid (1.56 g, 93%), which was directly carried onto the
next step: 1H NMR (600 MHz, CDCl3) δ 3.54 (s, 3H), 5.34 (s,
2H), 7.15 (t,J ) 7.8 Hz, 1H), 7.26 (d,J ) 8.4 Hz, 1H), 7.51 (t,J
) 9.0 Hz, 1H), 8.14 (d,J ) 7.8 Hz, 1H);13C NMR (150 MHz,
CDCl3) δ 57.0, 95.8, 115.1, 118.4, 122.9, 133.5, 134.9, 156.2, 166.0.

To a solution of the crude product (1.56 g, 8.56 mmol, 1.0 equiv)
from above in THF (80 mL) at 0°C was addedN-hydroxysuccin-
imide (0.988 g, 8.56 mmol, 1.0 equiv) and DCC (1.76 g, 8.56 mmol,
1.0 equiv). The resulting mixture was stirred for 30 min at 0°C
and then 2 h at rt. Thereaction mixture was filtered to remove the
DCU precipitate, and the filtrate was concentrated under reduced
pressure. Purification by flash chromatography (4:1 EtOAc/hexanes)
afforded the title compound16 (2.02 g, 85%):Rf ) 0.85 (EtOAc);
1H NMR (600 MHz, CDCl3) δ 2.86 (br s, 4H), 3.50 (s, 3H), 5.26
(s, 2H), 7.08 (t,J ) 7.8 Hz, 1H), 7.23 (d,J ) 8.4 Hz, 1H), 7.55
(t, J ) 8.4 Hz, 1H), 8.02 (d,J ) 7.8 Hz, 1H); 13C NMR (150

MHz, CDCl3) δ 25.7, 56.5, 94.8, 115.3, 121.5, 132.4, 135.7, 158.1,
160.3, 169.4; unable to obtain a HRMS using either ESI(() or APCI
(().

5′-O-(N-(2-Hydroxybenzoyl)sulfamoyl)aristeromycin Triethyl-
ammonium Salt (8). This was prepared from15 (90 mg, 0.23
mmol, 1.0 equiv) and16 (196 mg, 0.70 mmol) using the general
salicylation procedureA. Purification by flash chromatography (85:
15:1 EtOAc/MeOH/Et3N) provided the salicylated adduct as a DBU
salt (40 mg, 25%), and further elution afforded compound17 (120
mg, 60%) as a triethylammonium salt.

The triethylammonium salt of compound17 (70 mg, 0.11 mmol)
prepared above was treated with 80% aq TFA (1.0 mL) at rt for 4
h. The reaction was thoroughly concentrated in vacuo to remove
all residual TFA. Purification of the residue by flash chromatog-
raphy (70:30:1 EtOAc/MeOH/Et3N) afforded the title compound
8 (40 mg, 66%): Rf ) 0.20 (7:3 EtOAc/MeOH); [R]20

D -4.9 (c
0.78, CH3OH); 1H NMR (600 MHz, CD3OD) δ 1.23 (t,J ) 7.2
Hz, 9H), 1.95-2.05 (m, 1H), 2.40-2.55 (m, 2H), 3.07 (q,J ) 7.2
Hz, 6H), 4.12 (dd,J ) 5.4, 3.0 Hz, 1H), 4.27 (d,J ) 5.0 Hz, 2H),
4.50 (dd,J ) 9.0, 5.4 Hz, 1H), 4.80-4.95 (m, 1H), 6.70-6.85 (m,
2H), 7.27 (t,J ) 7.2 Hz, 1H), 7.91 (d,J ) 7.8 Hz, 1H), 8.13 (s,
1H), 8.31 (s, 1H);13C NMR (150 MHz, CDCl3) δ 9.5, 30.2, 44.3,
47.7, 61.0, 71.5, 73.6, 76.8, 117.9, 119.3, 120.4, 120.7, 131.3, 134.3,
141.6, 151.2, 153.4, 157.2, 162.0, 174.8; HRMS (ESI+) calcd for
C18H21N6O7S [M + H]+, 465.1187; found, 465.1204 (error 3.7
ppm).

3′,5′-O-Bis(tert-Butyldimethylsilyl)-2-deoxyadenosine (20).To
a solution of 2-deoxyadenosine (3.00 g, 11.1 mmol, 1.0 equiv) in
DMF (16 mL) at 0°C were added imidazole (4.54 g, 66.8 mmol,
6.0 equiv) and DMAP (200 mg, 1.6 mmol, 0.15 equiv). Next, a
solution of TBSCl (4.20 g, 27.9 mmol, 2.5 equiv) in DMF (8.0
mL) was added dropwise at 0°C, and the reaction was stirred 30
min. The reaction mixture was diluted with saturated aq NaHCO3

(100 mL) and extracted with EtOAc (3× 100 mL). The combined
organic extracts were dried (Na2SO4), filtered, and concentrated
under reduced pressure. Purification by flash chromatography (6:1
EtOAc/hexanes) afforded the title compound (4.5 g, 84%) as a white
solid: mp) 123-125 °C; Rf ) 0.7 (1:3 EtOAc/hexanes); [R]20

D

-2.7 (c 0.96, CHCl3); 1H NMR (600 MHz, CDCl3) δ 0.00 (s, 6H),
0.01 (s, 6H), 0.82 (s, 18H), 2.34 (ddd,J ) 13.2, 6.0, 4.2 Hz, 1H),
2.50-2.58 (m, 1H), 3.68 (dd,J ) 10.8, 3.0 Hz, 1H), 3.78 (dd,J )
11.4, 4.2 Hz, 1H), 3.92 (dd,J ) 6.6, 3.0 Hz, 1H), 4.52 (dd,J )
9.0, 3.6 Hz, 1H), 5.70 (br s, 2H), 6.36 (t,J ) 6.6 Hz, 1H), 8.05 (s,
1H), 8.26 (s, 1H);13C NMR (150 MHz, CDCl3) δ -5.5, -5.4,
-4.1, -4.7, 18.0, 18.4, 25.8, 26.0, 41.3, 62.8, 71.9, 84.3, 87.9,
120.0, 139.1, 149.6, 152.8, 155.3; HRMS (ESI+) calcd for
C22H40N5O3Si2 [M - H]+, 478.2664; found, 478.2656 (error 1.7
ppm).

3′-O-tert-Butyldimethylsilyl-2-deoxyadenosine (21).To a solu-
tion of 20 (1.0 g, 2.08 mmol, 1.0 equiv) in THF (25 mL) was added
50% aq TFA (12 mL).42 After 3 h, the reaction mixture was
quenched with aq 10 M NH4OH until the pH was basic (∼10).
The reaction mixture was concentrated under reduced pressure, and
the solid obtained was dried, dissolved in ethyl acetate, and washed
with brine. The aqueous layer was extracted with EtOAc (3× 50
mL). The combined EtOAc extracts were dried (Na2SO4), filtered,
and concentrated. Purification by flash chromatography (EtOAc)
afforded the title compound (0.45 g, 60%) as a white solid: mp)
178-182°C; Rf ) 0.2 (EtOAc); [R]20

D -4.8 (c 0.89, CH3OH); 1H
NMR (600 MHz, CDCl3) δ 0.14 (s, 6H), 0.94 (s, 9H), 2.37 (ddd,
J ) 13.2, 6.0, 2.4 Hz, 1H), 2.80 (ddd,J ) 13.2, 7.8, 5.4 Hz, 1H),
3.70 (dd,J ) 12.0, 3.0 Hz, 1H), 3.81 (dd,J ) 12.0, 3.0 Hz, 1H),
4.03 (d,J ) 2.4 Hz, 1H), 4.68 (t,J ) 3.0 Hz, 1H), 6.42 (t,J ) 6.6
Hz, 1H), 8.17 (s, 1H), 8.31 (s, 1H);13C NMR (150 MHz, CDCl3)
δ -4.6 (2C), 18.7, 26.3, 42.1, 63.4, 74.4, 87.1, 90.4, 120.8, 141.6,
150.0, 153.4, 157.4; HRMS (ESI+) calcd for C16H28N5O3Si [M +
H]+, 366.1956; found, 366.1984 (error 7.7 ppm).

3′-O-tert-Butyldimethylsilyl-2 ′-deoxy-5′-O-(sulfamoyl)adenos-
ine (24).This was prepared from21 (1.81 g, 4.92 mmol, 1.0 equiv)
using the general procedure for sulfamoylation. Purification by flash
chromatography (19:1 EtOAc/MeOH) afforded the title compound
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(0.80 g, 38%) as a viscous colorless oil:Rf ) 0.55 (9:1 EtOAc/
MeOH); [R]20

D -41.7 (c 0.690, CH3OH); 1H NMR (600 MHz,
CDCl3) δ 0.09 (s, 6H), 0.98 (s, 9H), 2.43 (ddd,J ) 13.2, 6.0, 3.6
Hz, 1H), 2.60-2.75 (m, 1H), 4.18 (dd,J ) 9.0, 3.0 Hz, 1H), 4.25
(dd,J ) 10.8, 4.2 Hz, 1H), 4.20 (dd,J ) 10.8, 3.0 Hz, 1H), 4.60-
4.70 (m, 1H), 6.43 (t,J ) 6.6 Hz, 1H), 8.16 (s, 1H), 8.20 (s, 1H);
13C NMR (150 MHz, CDCl3) δ -5.6,-5.5, 17.4, 25.1, 40.4, 68.1,
72.0, 84.1, 84.8, 118.8, 138.8, 148.7, 152.3, 155.3.

5′-O-(N-(2-Benzyloxybenzoyl)sulfamoyl)-3′-O-tert-butyldim-
ethylsilyl-2′-deoxyadenosine 1,8-diazabicyclo[5.4.0]undec-7-ene
Salt (27‚DBU). Compound24 (150 mg, 0.34 mmol) was coupled
with 2644 (329 mg, 1.012 mmol, 1.5 equiv) using the general
salicylation procedureA. Purification by flash chromatography (90:
10:1 EtOAc/MeOH/Et3N) afforded the title compound (120 mg,
44%) as a viscous oil:Rf ) 0.3 (EtOAc/MeOH); [R]20

D +7.1 (c
0.22, CH3OH); 1H NMR (600 MHz, CD3OD) δ 0.00 (s, 3H), 0.01
(s, 3H), 0.80 (s, 9H), 1.35-1.60 (m, 8H), 2.20-2.35 (m, 1H), 2.60-
2.75 (m, 1H), 2.76 (t,J ) 5.4 Hz, 2H), 3.00-3.20 (m, 4H), 3.25-
3.32 (m, 2H), 3.86 (q,J ) 3.6 Hz, 1H), 4.03 (dd,J ) 10.8, 4.2 Hz,
1H), 4.13 (dd,J ) 10.8, 3.6 Hz, 1H), 4.55-4.64 (m, 1H), 5.02 (s,
2H), 6.26 (t,J ) 6.6 Hz, 1H), 6.89 (t,J ) 7.2 Hz, 1H), 7.04 (d,J
) 8.4 Hz, 1H), 7.15-7.25 (m, 3H), 7.26-7.36 (m, 3H), 7.69 (d,J
) 7.8 Hz, 1H), 8.04 (s, 1H), 8.15 (s, 1H);13C NMR (150 MHz,
CD3OD) δ -4.7, -4.6, 18.8, 24.2, 26.3, 27.8, 27.9, 30.0, 32.0,
38.1, 41.2, 50.1, 52.5, 69.8, 72.2, 73.8, 85.6, 86.4, 114.2, 120.4,
122.1, 123.9, 129.5, 129.6, 129.8, 131.8, 133.9, 137.7, 141.0, 150.4,
153.9, 157.3, 158.1, 168.3, 174.2; HRMS (ESI+) calcd for
C39H55N8O7SSi [M + DBU + H]+, 807.3678; found, 807.3674
(error 0.5 ppm).

2′-Deoxy-5′-O-(N-(2-hydroxybenzoyl)sulfamoyl)adenosine 1,8-
Diazabicyclo[5.4.0]undec-7-ene Salt (9‚DBU). To a solution of
27‚DBU (80 mg, 0.099 mmol, 1.0 equiv) in MeOH (10 mL) was
added 10% Pd/C (20 mg), and the reaction was stirred under a H2

atmosphere for 8 h. The reaction mixture was filtered through a
plug of Celite, and the residue was washed with MeOH (4× 10
mL). The combined filtrates were concentrated, and the crude
obtained was treated with TBAF (0.5 mL, 1.0 M THF solution,
0.50 mmol, 5.0 equiv) for 3 h. The reaction was concentrated in
vacuo. Purification by flash chromatography (15:85:1 MeOH/
EtOAc/Et3N) afforded the title compound (16 mg, 27% overall yield
for two steps) as a thick oil:Rf ) 0.2 (1:5 MeOH/EtOAc); [R]20

D

+9.0 (c 0.51, MeOH);1H NMR (600 MHz, CD3OD) δ 1.35-1.60
(m, 8H), 2.47 (ddd,J ) 13.8, 7.2, 4.8 Hz, 1H), 2.79-2.83 (m,
1H), 3.81 (dt,J ) 13.8, 7.2 Hz, 2H), 3.34 (t,J ) 6.0 Hz, 2H),
3.50-3.60 (m, 4H), 4.15 (q,J ) 3.6 Hz, 1H), 4.30 (dd,J ) 10.8,
4.2 Hz, 1H), 4.37 (dd,J ) 10.8, 3.0 Hz, 1H), 4.60-4.68 (m, 1H),
6.43 (t,J ) 6.6 Hz, 1H), 6.80-6.90 (m, 2H), 7.32 (t,J ) 8.4 Hz,
1H), 7.24 (d,J ) 7.8 Hz, 1H), 8.17 (s, 1H), 8.29 (s, 1H);13C NMR
(150 MHz, CD3OD) δ 24.2, 27.9, 28.0, 30.1, 31.9, 38.0, 40.9, 50.3,
52.6, 70.5, 72.5, 85.8, 86.2, 116.7, 118.5, 120.0, 120.4, 128.7, 134.7,
140.9, 150.4, 153.9, 157.3, 161.4, 171.2, 174.6; HRMS (ESI+)
calcd for C26H35N8O7S [M + DBU + H]+, 603.2344; found,
603.2363 (error 3.2 ppm).

2′-Deoxy-3′-O-tert-Butyldimethylsilyl-5 ′-O-(N-(2-hydroxyben-
zoyl)sulfamoyl)adenosine (29).Compound24 (100 mg, 0.22
mmol, 1.0 equiv) was coupled to26 (215 mg, 0.66 mmol, 3.0 equiv)
using the general salicylation procedureB. The reaction mixture
was filtered then concentrated in vacuo. Purification by flash
chromatography afforded27 as the triethylammonium salt.

Compound27prepared above was treated with Pd/C (15 mg) in
MeOH (15 mL) for 6 h under H2 (1 atm). The reaction mixture
was filtered and washed with MeOH, and the filtrate was
concentrated. Purification by flash chromatography (80:20:1 EtOAc/
MeOH/Et3N) afforded the title compound (21 mg, 17% over two
steps) as a thick oil:Rf ) 0.5 (4:1 EtOAc/MeOH); [R]20

D -93 (c
0.88, CH3OH); 1H NMR (600 MHz, CD3OD) δ 0.08 (s, 3H), 0.10
(s, 3H), 0.90 (s, 9H), 2.39 (ddd,J ) 13.2, 6.0 Hz, 1H), 2.80-2.90
(m, 1H), 4.16-4.24 (m, 1H), 4.32 (dd,J ) 10.8, 3.6 Hz, 1H), 4.36
(dd, J ) 10.8, 3.6 Hz, 1H), 4.70-4.80 (m, 1H), 6.48 (t,J ) 6.6
Hz, 1H), 6.70-6.84 (m, 2H), 7.29 (t,J ) 8.4 Hz, 1H), 7.95 (d,J
) 7.8 Hz, 1H), 8.17 (s, 1H), 8.47 (s, 1H);13C NMR (150 MHz,

CD3OD) δ -4.6, -4.5, 18.9, 26.4, 42.2, 69.9, 74.9, 85.9, 87.5,
118.1, 119.4, 120.3, 120.6, 131.6, 134.6, 141.3, 150.5, 153.9, 157.4,
162.3, 175.4; HRMS (ESI+) calcd for C23H33N6O7SSi [M + H]+,
565.1895; found, 565.1817 (error 13.8 ppm).

2′-Deoxy-5′-O-(N-(2-hydroxybenzoyl)sulfamoyl)adenosine Tri-
ethylammonium Salt (9‚Et3N). To a solution of29 (10.5 mg, 0.018
mmol, 1.0 equiv) in THF (2.0 mL) was added TBAF (1.0 M
solution in THF, 0.1 mL, 6.0 equiv), and the solution was stirred
3 h at rt. The reaction mixture was concentrated, and purification
of the residue by flash chromatography (65:35:1 EtOAc/MeOH/
Et3N) afforded the title compound (5.1 mg, 50%):Rf ) 0.15 (3:1
EtOAc/MeOH); [R]20

D -99 (c 0.25, CH3OH); 1H NMR (600 MHz,
CD3OD) δ 1.29 (t,J ) 7.2 Hz, 9H), 2.44 (ddd,J ) 13.8, 5.4, 2.4
Hz, 1H), 2.70-2.90 (m, 1H), 3.18 (q,J ) 7.2 Hz, 6H), 4.24 (s,
1H), 4.32 (dd,J ) 11.4, 3.6 Hz, 1H), 4.35 (dd,J ) 10.8, 3.6 Hz,
1H), 4.62-4.70 (m, 1H), 6.50 (t,J ) 6.6 Hz, 1H), 6.75-6.84 (m,
2H), 7.29 (t,J ) 7.8 Hz, 1H), 7.93 (d,J ) 7.8 Hz, 1H), 8.16 (s,
1H), 8.50 (s, 1H);13C NMR (150 MHz, CD3OD) δ 9.4, 41.6, 48.1,
70.0, 73.5, 85.9, 87.0, 118.0, 119.4, 120.3, 120.8, 131.5, 134.5,
141.3, 150.6, 153.9, 157.4, 162.2, 175.1; HRMS (ESI+) calcd for
C17H19N6O7S [M + H]+, 451.1030; found, 451.1014 (error 3.5
ppm).

2′-O-tert-Butyldimethylsilyl-3-deoxyadenosine (23).Compound
19 (100 mg, 0.37 mmol, 1.0 equiv) was bis-silylated with TBSCl
(140 mg, 0.93 mmol, 2.5 equiv) to afford22 using the procedure
described for the preparation of20. The di-TBS product obtained
was used directly for the next step.

To a solution of crude di-TBS product prepared above (170 mg,
0.37 mmol, 1.0 equiv) in MeOH/EtOAc (1:1, 10 mL) at 0°C was
added pTsOH‚H2O (0.35 g, 1.83 mmol, 2.8 equiv). After 5 h, the
reaction was complete, and the reaction mixture was quenched using
an excess of solid K2CO3 (500 mg), stirred for 1 h, filtered, and
concentrated under reduced pressure. Purification by flash chro-
matography (1:20 MeOH/EtOAc) afforded the title compound (106
mg, 78% over two steps) as a white solid: mp) 154-156°C; Rf

) 0.2 (EtOAc); [R]20
D -49.4 (c 0.890, CH3OH); 1H NMR (600

MHz, CDCl3) δ 0.00 (s, 3H), 0.14 (s, 3H), 1.06 (s, 9H), 2.44-
2.56 (m, 1H), 2.83 (ddd,J ) 10.8, 7.2, 2.4 Hz, 1H), 3.82 (d,J )
12.6 Hz, 1H), 4.26 (d,J ) 12.6 Hz, 1H), 4.77 (d,J ) 9.0 Hz, 1H),
5.33 (q,J ) 7.2 Hz, 1H), 5.87 (d,J ) 6.0 Hz, 1H), 6.11 (br s, 2H,
NH2), 6.49 (br s, 1H, OH), 8.10 (s, 1H), 8.62 (s, 1H);13C NMR
(150 MHz, CDCl3) δ -5.4,-5.2, 17.8, 25.5, 34.8, 69.4, 73.9, 80.4,
93.6, 121.1, 140.5, 148.6, 152.5, 155.9; HRMS (ESI+) calcd for
C16H28N5O3Si [M + H]+, 366.1956; found, 366.1976 (error 5.5
ppm).

2′-O-tert-Butyldimethylsilyl-3 ′-deoxy-5′-O-(sulfamoyl)adenos-
ine (25).This was prepared from23 (90 mg, 0.246 mmol, 1.0 equiv)
using the general procedure for sulfamoylation. Purification by flash
chromatography (30:1 EtOAc/MeOH) afforded the title compound
(90 mg, 82%): mp) 238-240 °C melted with charring;Rf )
0.40 (97:3 EtOAc/MeOH); [R]20

D +13.7 (c 0.980, CH3OH); 1H
NMR (600 MHz, CD3OD) δ 0.03 (s, 3H), 0.06 (s, 3H), 0.87 (s,
9H), 2.11 (ddd,J ) 13.2, 6.0, 3.0 Hz, 1H), 2.35 (ddd,J ) 13.2,
8.4, 6.0 Hz, 1H), 4.29 (dd,J ) 10.8, 3.6 Hz, 1H), 4.43 (dd,J )
10.8, 2.4 Hz, 1H), 4.65-4.75 (m, 1H), 4.75-4.85 (m, 1H), 5.98
(d, J ) 2.4 Hz, 1H), 8.19 (s, 1H), 8.30 (s, 1H);13C NMR (150
MHz, CD3OD) δ -4.9, -4.8, 18.8, 26.1, 35.8, 70.9, 77.7, 79.2,
92.8, 120.3, 140.4, 150.5, 152.9, 157.3; MS (ESI+) calcd for
C16H26N5O2Si [M - SO2NH2]+, 348.2; found, 348.1.

5′-O-(N-(2-Benzyloxybenzoyl)sulfamoyl)-2′-O-tert-butyldim-
ethylsilyl-3′-deoxyadenosine Triethylammonium Salt (28).This
was prepared from25 (70 mg, 0.157 mmol, 1.0 equiv) and26 (154
mg, 0.47 mmol. 3.0 equiv) using the general salicylation procedure
A. Purification by flash chromatography (90:10:1 EtOAc/MeOH/
Et3N) afforded the title compound (90 mg, 87%) as thick oil:Rf

) 0.55 (1:9 MeOH/EtOAc); [R]20
D +19 (c 0.70, CH3OH); 1H NMR

(600 MHz, CD3OD) δ 0.01 (s, 3H), 0.05 (s, 3H), 0.86 (s, 9H),
1.20 (t,J ) 7.2 Hz, 9H), 1.85-1.95 (m, 1H), 2.20-2.40 (m, 1H),
3.07 (q,J ) 7.2 Hz, 6H), 4.15 (d,J ) 11.4 Hz, 1H), 4.30 (d,J )
10.8 Hz, 1H), 4.40-4.50 (m, 1H), 4.73 (d,J ) 2.4 Hz, 1H), 5.10
(s, 2H), 5.93 (s, 1H), 6.93 (t,J ) 7.2 Hz, 1H), 7.06 (d,J ) 9.0 Hz,
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1H), 7.20-7.40 (m, 4H), 7.35 (d,J ) 7.8 Hz, 1H), 7.48 (d,J )
7.8 Hz, 2H), 8.18 (s, 1H), 8.47 (s, 1H);13C NMR (150 MHz, CD3-
OD) δ -4.8, -4.7, 9.2, 18.8, 26.1, 35.7, 47.7, 70.6, 71.6, 78.1,
79.6, 92.5, 114.3, 120.2, 121.5, 128.8, 128.9, 129.4, 129.7, 131.2,
131.9, 138.7, 140.8, 150.5, 153.8, 157.1, 157.2, 176.7; HRMS
(ESI+) calcd for C30H39N6O7SSi [M + H]+, 655.2365; found,
655.2389 (error 3.7 ppm).

3′-Deoxy-5′-O-(N-(2-hydroxybenzoyl)sulfamoyl)adenosine Tri-
ethylammonium Salt (10). To a solution of28 (70 mg, 0.092
mmol, 1.0 equiv) in MeOH (10 mL) was added 10% Pd/C (20
mg), and the reaction was stirred under a H2 atmosphere for 8 h.
The reaction mixture was filtered through a plug of Celite, and the
residue was washed with MeOH (4× 10 mL). The combined
filtrates were concentrated, and the crude obtained was treated with
80% aq TFA (2.0 mL) for 8 h. The reaction was concentrated in
vacuo. Purification by flash chromatography (10:90:1 MeOH/
EtOAc/Et3N) afforded the title compound (27 mg, 53%) as thick
glassy oil: Rf ) 0.3 (1:4 MeOH/ EtOAc); [R]20

D -10 (c 0.28,
MeOH); 1H NMR (600 MHz, CD3OD) δ 1.26 (t,J ) 7.2 Hz, 9H),
2.05-2.20 (m, 1H), 2.40-2.55 (m, 1H), 3.15 (q,J ) 7.2 Hz, 6H),
4.32 (dd,J ) 11.4, 4.2 Hz, 1H), 4.46 (d,J ) 11.4 Hz, 1H), 4.60-
4.80 (m, 2H), 6.00 (s, 1H), 6.70-6.85 (m, 2H), 7.27 (t,J ) 7.2
Hz, 1H), 7.91 (d,J ) 7.8 Hz, 1H), 8.12 (s, 1H), 8.47 (s, 1H);13C
NMR (150 MHz, CD3OD) δ 9.3, 34.9, 47.9, 70.7, 76.9, 79.9, 92.9,
117.9, 119.3, 120.3, 120.7, 131.3, 134.3, 140.7, 150.2, 153.7, 157.3,
162.0, 174.9; HRMS (ESI+) calcd for C17H19N6O7S [M + H]+,
451.1030; found, 451.1053 (error 5.1 ppm).

(1′R,4′S)-9-[4-(Hydroxymethyl)cyclopent-2-en-1-yl]adenine
(32).50 To a solution of aristeromycin14 (0.7 g, 2.63 mmol, 1.0
equiv) and trimethyl orthoformate (7.0 mL, 64 mmol, 24.3 equiv)
in DMF (2.1 mL) was addedpTsOH‚H2O (720 mg, 3.81 mmol,
1.45 equiv). After 36 h at rt, anhydrous K2CO3 (1.05 g, 7.27 mmol)
was added, and the mixture was stirred for 2 h. The reaction mixture
was filtered, and the solids were washed with a minimum amount
of trimethyl orthoformate (2.0 mL). The combined filtrates and
washings were concentrated under reduced pressure to provide31
as a gummy residue, which was azeotropically dried with toluene
(20 mL) on a rotary evaporator.

Crude31 from above was refluxed 16 h in Ac2O (10 mL). The
reaction was cooled to rt, filtered through a plug of silica gel, and
concentrated under reduced pressure to afford a dark yellow solid,
which was treated with 6 N aq HCl (6 mL) at rt for 12 h. The
reaction was concentrated in vacuo. Purification by flash chroma-
tography (3:7 MeOH/EtOAc) afforded the title compound (150 mg,
48%): Rf ) 0.3 (3:7 MeOH/ EtOAc); [R]20

D -6.2 (c 0.59, MeOH);
1H NMR (600 MHz, CD3OD) δ 1.73 (dt,J ) 13.8, 6.0 Hz, 1H),
2.82 (ddd,J ) 13.8, 8.4, 5.4 Hz, 1H), 3.02 (br s, 1H), 3.58 (dd,J
) 10.4, 4.8 Hz, 1H), 3.65 (dd,J ) 10.4, 5.4 Hz, 1H), 5.68 (t,J )
6.0 Hz, 1H), 5.95 (d,J ) 6.0, 1H), 6.21 (d,J ) 6.0 Hz, 1H), 8.12
(s, 1H), 8.19 (s, 1H);13C NMR (150 MHz, CD3OD) δ 35.6, 49.2,
61.3, 65.4, 120.3, 130.5, 140.1, 140.9, 150.3, 153.5, 157.3; HRMS
(ESI+) calcd for C11H14N5O [M + H]+, 232.1193; found, 232.1197
(1.7 ppm).

(1′R,4′S)-9-[4-((Sulfamoyl)oxymethyl)cyclopent-2-en-1-yl]ad-
enine (33).This was prepared from32 (150 mg, 0.648 mmol, 1.0
equiv) using the general procedure for sulfamoylation. Purification
by flash chromatography (30:1 EtOAc/MeOH) afforded the title
compound (110 mg, 55%) as an oil:Rf ) 0.50 (7:3 EtOAc/MeOH);
[R]20

D +70.8 (c 0.290, CH3OH); 1H NMR (600 MHz, CD3OD) δ
1.77 (dt,J ) 14.4, 6.0 Hz, 1H), 2.91 (ddd,J ) 13.8, 9.0, 5.4 Hz,
1H), 3.27 (br s, 1H), 4.16 (dd,J ) 9.6, 4.8 Hz, 1H), 4.22 (dd,J )
9.6, 4.8 Hz, 1H), 5.73 (t,J ) 6.0 Hz, 1H), 6.01 (d,J ) 6.0 Hz,
1H), 6.21 (d,J ) 5.4 Hz, 1H), 8.09 (s, 1H), 8.20 (s, 1H);13C NMR
(150 MHz, CDCl3) δ 35.5, 46.1, 61.0, 72.3, 120.2, 131.5, 138.3,
140.8, 150.4, 153.6, 157.3; MS (ESI+) calcd for C11H12N5 [M -
SO2NH2]+, 214.1; found, 214.1.

(1′R,4′S)-9-[4-((N-(2-(Methoxymethyloxy)benzoyl)sulfamoyl)-
oxymethyl)cyclopent-2-en-1-yl]adenine Triethylammonium Salt
(34).This was prepared from33 (100 mg, 0.32 mmol) and16 (270
mg, 0.96 mmol, 3.0 equiv) using the general salicylation procedure
A. Purification by flash chromatography (80:20:1 EtOAc/MeOH/

Et3N) afforded the title compound (150 mg, 81%) as a viscous oil:
Rf ) 0.65 (7:3 EtOAc/MeOH); [R]20

D +42.8 (c 0.980, CH3OH);
1H NMR (600 MHz, CD3OD) δ 1.25 (t,J ) 7.2 Hz, 9H), 1.85-
1.95 (m, 1H), 2.85-2.95 (m, 1H), 3.14 (q,J ) 7.2 Hz, 6H), 3.27
(br s, 1H), 3.43 (s, 3H), 4.20-4.32 (m, 2H), 5.25 (s, 2H), 5.73 (t,
J ) 6.0 Hz, 1H), 5.97 (d,J ) 5.4 Hz, 1H), 6.24 (d,J ) 6.0 Hz,
1H), 6.95 (t,J ) 7.2 Hz, 1H), 7.10 (d,J ) 8.4 Hz, 1H), 7.25 (t,J
) 8.4 Hz, 1H), 7.38 (d,J ) 7.2 Hz, 1H), 8.19 (s, 1H), 8.23 (s,
1H); 13C NMR (150 MHz, CD3OD) δ 8.0, 34.5, 45.2, 55.5, 59.9,
71.1, 95.3, 115.9, 119.0, 121.3, 121.4, 128.6, 129.9, 130.0, 131.3,
137.6, 139.9, 149.2, 152.4, 154.5, 156.1, 175.2; HRMS (ESI+)
calcd for C20H23N6O6S [M + H]+, 475.1394; found, 475.1391 (error
0.6 ppm).

(1′R,4′S)-9-[4-((N-(2-Hydroxybenzoyl)sulfamoyl)oxymethyl)-
cyclopent-2-en-1-yl]adenine Triethylammonium Salt (11).Com-
pound33 (50 mg, 0.086 mmol, 1.0 equiv) was stirred in 80% aq
TFA (2.0 mL) for 3 h then concentrated in vacuo. Purification by
flash chromatography (25:75:1 MeOH/EtOAc/Et3N) afforded the
title compound (36 mg, 80%) as a viscous oil:Rf ) 0.4 (4:1 EtOAc/
MeOH); [R]20

D +22 (c 0.21, CH3OH); 1H NMR (600 MHz, CD3-
OD) δ 1.28 (t,J ) 7.2 Hz, 9H), 1.80-1.95 (m, 1H), 2.80-2.95
(m, 1H), 3.18 (q,J ) 7.2 Hz, 6H), 3.23 (br s, 1H), 4.15-4.30 (m,
2H), 5.69 (t,J ) 6.0 Hz, 1H), 5.90-6.00 (m, 1H), 6.21 (d,J ) 5.4
Hz, 1H), 6.70-6.80 (m, 2H), 7.26 (t,J ) 7.8 Hz, 1H), 7.84 (d,J
) 7.8 Hz, 1H), 8.17 (s, 1H), 8.18 (s, 1H);13C NMR (150 MHz,
CD3OD) δ 8.0, 34.3, 46.7, 59.9, 71.2, 116.7, 118.1, 119.0, 119.5,
129.9, 130.0, 133.1, 137.6, 139.9, 149.1, 151.8, 155.7, 160.7, 161.9,
173.3; HRMS (ESI+) calcd for C18H19N6O5S [M + H]+, 431.1132;
found, 431.1102 (error 7.0 ppm).

(1′S,4′R)-9-[3-((N-(2-Hydroxybenzoyl)sulfamoyl)oxymethyl)-
cyclopent-1-yl]adenine Triethylammonium Salt (12).To com-
pound11 (25 mg, 0.047 mmol, 1.0 equiv) in MeOH (5 mL) was
added 10% Pd/C (20 mg), and the reaction was stirred for 6 h under
a H2 atmosphere. The reaction mixture was filtered thru a plug of
Celite, and the solids were washed with MeOH (4× 10 mL). The
filtrate was concentrated under reduced pressure. Purification by
flash chromatography (30:70:1 MeOH/EtOAc/Et3N) afforded the
title compound (9.0 mg, 36%) as a viscous oil:Rf ) 0.4 (4:1
EtOAc/MeOH); [R]20

D +1.0 (c 0.44, CH3OH); 1H NMR (600 MHz,
CD3OD) δ 1.28 (t,J ) 7.2 Hz, 9H), 1.82-1.92 (m, 1H), 1.94-
2.04 (m, 2H), 2.06-2.16 (m, 1H), 2.22-2.32 (m, 1H), 2.44-2.50
(m, 1H), 2.50-2.60 (m, 1H), 3.18 (q,J ) 7.2 Hz, 6H), 4.17 (dd,
J ) 10.2, 6.6 Hz, 1H), 4.21 (dd,J ) 10.2, 6.6 Hz, 1H), 4.86-4.96
(m, 1H), 6.72-6.82 (m, 2H), 7.27 (t,J ) 7.8 Hz, 1H), 7.91 (d,J
) 7.8 Hz, 1H), 8.16 (s, 1H), 8.27 (s, 1H);13C NMR (150 MHz,
CD3OD) δ 9.2, 27.6, 32.7, 36.4, 38.5, 47.9, 57.1, 73.6, 117.9, 119.2,
120.3, 120.8, 131.3, 134.3, 140.9, 150.7, 153.4, 157.2, 161.9, 174.6;
HRMS (ESI+) calcd for C18H21N6O5S [M + H]+, 433.1289; found,
433.1327 (error 8.8 ppm).

9-[(((N-(2-Hydroxybenzoyl)sulfamoyl)oxy)ethoxy)methyl]-
adenine Triethylammonium Salt (13).This was prepared from
3649 (100 mg, 0.346 mmol, 1.0 equiv) and26 (338 mg, 1.04 mmol,
3.0 equiv) using the general salicylation procedureA. Purification
by flash chromatography (85:15:1 EtOAc/MeOH/Et3N) afforded
37 (80 mg, 44%).

Compound37 prepared above was dissolved in MeOH (15.0
mL) and stirred under a H2 atmosphere in the presence of 10%
Pd/C (20 mg). After 4 h, the reaction mixture was filtered through
a plug of Celite. Purification by flash chromatography afforded the
title compound as a white solid (65 mg, 98%): mp) 93-95 °C;
Rf ) 0.35 (3:1 EtOAc/MeOH);1H NMR (600 MHz, CD3OD) δ
1.28 (t,J ) 7.2 Hz, 9H), 3.17 (q,J ) 7.2 Hz, 6H), 3.82 (t,J ) 4.2
Hz, 2H), 4.25 (t,J ) 4.2 Hz, 2H), 5.67 (s, 2H), 6.72-6.84 (m,
2H), 7.22 (t,J ) 7.8 Hz, 1H), 7.89 (d,J ) 7.2 Hz, 1H), 8.19 (s,
1H), 8.24 (s, 1H);13C NMR (150 MHz, CD3OD) δ 8.0, 46.7, 67.5,
68.3, 72.9, 116.6, 118.0, 118.8, 119.5, 130.1, 133.1, 141.9, 149.7,
152.9, 156.2, 160.8, 173.6; HRMS (ESI+) calcd for C15H17N6O6S
[M + H]+, 409.0925; found, 409.0904 (error 5.1 ppm).

Cloning, Overexpression, and Purification of MbtA.ThembtA
gene was amplified by PCR fromM. tuberculosisBAC RV143
using primers 5′CCAGCCCCCCTGTTAAGGAG3′ and 5′CCGA-
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ACGTGCCCATGAGTC3′ and was cloned into pCR2.1-TOPO
(Invitrogen) using the manufacturers instructions creating pCDD001.
This plasmid served as template for a second round of PCR using
the primers 5′ATGCCACCTAAAGCGGCAGATGGCCGCCGA3′
and 5′GGAAGCTTAATGGCAGCGCTGGGTCGTCACGGGA3′.
The resultingmbtA gene fragment was cloned into pET SUMO
(Invitrogen), according to the manufacturers instructions to create
pCDD003. After successfully cloningmbtA,the gene cassette was
confirmed by sequencing. pCDD003 was then electroporated into
E. coli BL21(DE3) containing thegroEL groESchaperone plasmid
pGRO7 (Takara). LB (500 mL) supplemented with kanamycin (50
µg/mL), chloramphenicol (25µg/mL), MgCl2 (10 mM), and
arabinose (0.5 mg/mL) was inoculated with 5 mL of overnight
culture. After growing to an OD600 at 37 °C, the cultures were
induced with 0.4 mM IPTG and grown for an additional 4 h at 30
°C. The cultures were then centrifuged, and the pellet was frozen
at -20 °C overnight. To remove GroEL from MbtA during the
purification process, a modified ATP-dependent removal protocol
was employed.52 Frozen pellets were resuspended in 22.5 mL
GroEL stripping buffer A (100 mM TEA‚HCl, 170 mM NaCl, pH
7.4) and sonicated. The lysate was centrifuged 10 min at 30 000×
g, and the pellet was discarded. Subsequently, 2.5 mL GroEL
stripping buffer B (100 mM TEA‚HCl, 200 mM MgCl2, 100 mM
ATP, pH 7.4) was added, and the lysate was incubated for 30 min
at 4 °C. To ensure the removal of GroEL, 140µL of denaturedE.
coli proteins prepared as previously described52 was added and the
lysate was allowed to incubate for another 1 h at 4°C. After this
second incubation, 2 mL of 50% Ni-NTA (Qiagen) was added to
the lysate and allowed to incubate on an end-over-end mixer for 1
h at 4 °C. The mixture was poured into a column, and the flow
through was collected. The column was washed with 16 mL of
wash buffer (50 mM sodium phosphate, 300 mM NaCl, 20 mM
imidazole, pH 8.0), and MbtA was eluted with 3 mL of elution
buffer (50 mM sodium phosphate, 300 mM NaCl, 250 mM
imidazole, pH 8.0) of which the first 0.5 mL was discarded and
the final 2.5 mL was collected. The protein fraction was desalted
on a PD-10 column (GE Healthcare) into Sumo digestion buffer
without DTT (50 mM Tris‚HCl, 0.2% Igepal CA-630 (Sigma), 150
mM NaCl). The protein concentration was measured by the
Bradford Assay (Bio-Rad), after which DTT was added to 1 mM
and SUMO protease was added to 15 U/mg. The reaction was
incubated 15 h at 4°C. After digestion, 0.5 mL of 50% Ni-NTA
was added back to the sample to remove the SUMO tag, SUMO
protease, and otherE. coli proteins carried through purification that
have some affinity for Ni-NTA. The mixture was incubated at 4
°C for 1 h and then loaded on a column to separate the flow through
from the resin. The flow through was collected and desalted on a
PD-10 column into MbtA storage buffer (10 mM Tris‚HCl, 1 mM
EDTA, 5% glycerol, pH 8.0) and stored at-80 °C (2-5 mg
protein/L culture).

Enzyme Kinetic Studies. ATP/PPi Exchange Assay.54 Reac-
tions were performed under initial velocity conditions in a total
volume of 101µL. The reaction was set up in a volume of 90µL
and contained 250µM salicylic acid, 10 mM ATP, 1 mM PPi, and
7 nM MbtA in assay buffer (75 mM Tris-HCl pH 7.5, 10 mM
MgCl2, 2 mM DTT). In reactions designed to measure inhibition
of 8-13, the inhibitors (1µL) in DMSO or DMSO only as a control
were added. For experiments investigating the steady-state kinetic
parameters of salicylic acid and ATP, reactions were set up as above
using 14 nM MbtA and either holding the ATP concentration
constant at 10 mM and varying the salicylic acid concentration (2.25
µM, 4.5 µM, 9.0 µM, 18.0 µM, 36.0 µM) or holding the salicylic
acid concentration constant at 250µM and varying the ATP
concentration (37.5µM, 75 µM, 150 µM, 300 µM, 600 µM, 10
mM). Titration of MbtA against compound8 to attain the accurate
enzyme concentration used 7 nM enzyme in assay buffer along
with 250µM salicylic acid and 200µM ATP (to attain the desired
[E]/Ki

app ratio of 200). The reaction components were allowed to
equilibrate for 10 min at 23°C. Reactions were initiated by the
addition of 10µL (0.5 µCi 32PPi, Perkin-Elmer 84.12Ci/mmol) in
50 mM sodium phosphate buffer pH 7.8 and placed at 37°C for

20 min. Reactions were quenched by the addition of 200µL
quenching buffer (350 mM HClO4, 100 mM PPi, 1.8% w/v activated
charcoal). The charcoal was pelleted by centrifugation and washed
once with 500µL H2O. The washed pellet was resuspended in 200
µL H2O, transferred to a scintillation vial, mixed with 15 mL
scintillation fluid (RPI), and counted on a Beckman LS6500. The
counts from the boundγ-[32P]-ATP were directly proportional to
initial velocity of the reaction.

Data Analysis. For inhibitors that displayed tight-binding
inhibition (KI

app< 200‚[E]), the fractional activity (Vi/V0), whereVi

is the reaction velocity at a given [I] andV0 is the reaction velocity
of the DMSO control, were fit by nonlinear regression analysis to
the Morrison equation (eq 1), constraining [E] to 7.0 nM using
GraphPad prism version 4.0 to obtainKI

app values.40 The enzyme
concentration in turn was determined by active-site titration
employing inhibitor8.40 The dose response curves of the fractional
activity versus [I] for inhibitor 8 are shown in Figure 3, and9-13
are shown in Figures S5-S9

M. tuberculosis H37Rv MIC Assay. Minimum inhibitory
concentrations (MICs) were determined in quadruplicate in iron-
deficient GAST according to the broth microdilution method using
drugs from DMSO stock solutions or with control wells treated
with an equivalent amount of DMSO.19 All measurements reported
herein used an initial cell density of 104-105 cells/assay, and growth
was monitored at 10 and at 14 days, with the untreated and DMSO-
treated control cultures reaching an OD620 ∼ 0.2-0.3. Plates were
incubated at 37°C (100 µL/well), and growth was recorded by
measurement of optical density at 620 nm.

Y. pseudotuberculosisATCC 6902 MIC Assay. Y. pseudotu-
berculoisATCC 6902 was selected as a representative strain from
others in the ATCC collection based on its phenotypic similarity
to other strains, nucleotide sequence confirmation of theybtEgene,
as well as siderophore production using CAS agar plates.79 Further,
this strain demonstrated the ability to grow under iron-limiting
conditions relative toybtE-negative strains. The MIC99 concentration
of each nucleoside compound was determined in triplicate using
the broth microdilution method.Y. pseudotuberculosisATCC 6902
was cultured overnight on Difco Brain Heart Infusion (BHI, Becton,
Dickinson and Co.) medium at 37°C. Cells were washed twice
with desferrated BHI (BHI-D, BHI treated with Chelex 100 resin
(BioRad) and supplemented with 200µM 2,2′dipyridyl). The
washed cells were diluted in BHI-D to a 1.0 MacFarland standard
and used as an inoculum (initial cell density of 103-104 cells/200
µL media/well.) for BHI-D or BHI-D supplemented with 150µM
FeCl3‚6H2O for iron-rich conditions. Each compound was added
to the media at varying concentrations up to 100µM, and an
equivalent amount of DMSO (1%) only was used in control wells.
Microtiter plate cultures were grown for 24 h at 37°C and shaken
using a Micromix plate shaker (program 20). Final optical density
at 600 nm was measured using a SpectraMax Plus (Molecular
Devices) reader.

Docking Studies.The homology model and docking runs were
configured as described,43 except that water molecules were held
fixed during the conformational search. A total of 10 000 search
steps were performed for each compound.
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