ROYAL SOCIETY

OF CHEMISTRY

MedChemComm

View Article Online

REVIEW

View Journal | View Issue

The transition to magic bullets - transition state

i'.) Check for updates‘
analogue drug design

Cite this: Med. Chem. Commun.,
2018, 9, 1983
Gary B. Evans, ©*2° Vern L. Schramm @ ¢ and Peter C. Tyler ©?2

In the absence of industry partnerships, most academic groups lack the infrastructure to rationally design
and build drugs via methods used in industry. Instead, academia needs to work smarter using mechanism-
based design. Working smarter can mean the development of new drug discovery paradigms and then
demonstrating their utility and reproducibility to industry. The collaboration between Vern Schramm'’s
group at the Albert Einstein College of Medicine, USA and Peter Tyler at the Ferrier Research Institute at
The Victoria University of Wellington, NZ has refined a drug discovery process called transition state ana-
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logue design. This process has been applied to several biomedically relevant nucleoside processing en-
zymes. In 2017, Mundesine®, conceived using transition state analogue design, received market approval
for the treatment of peripheral T-cell lymphoma in Japan. This short review looks at a brief history of tran-
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sition state analogue design, the fundamentals behind the development of this process, and the success of
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Introduction
Drug discovery paradigms

Paul Ehrlich, the founder of chemotherapy and one of the fa-
thers of drug discovery, talked about taking aim at disease
with chemistry.”> More specifically, he discussed designing
or discovering “magic bullets” that possessed a high affinity
and high lethal potency in relation to the disease-causing
microbe or cell, but which had a low toxicity in relation to the
body. This would make it possible to treat diseases without
damaging the body. While this desire to “hit” disease-causing
cells as selectively as possible might seem naive in terms of
what we now know about biology; especially where we look to
“hit” specific proteins (a majority of drug targets)® as opposed
to the cells themselves, this is still a sound concept. We
should also keep in mind, with regards to the fidelity of the
drug to a biological target, that many drugs work well because
they modulate multiple targets.”

In order to design “magic bullets” and to improve produc-
tivity in the drug discovery industry new technologies and
paradigms are being developed all the time and virtually all
have their roots in academia.”® One of these new drug dis-
covery paradigms was fragment-based drug discovery.
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enzyme inhibitors produced using this drug design methodology.

Groundwork for fragment-based design was laid by William
Jencks,” who was also an important contributor to the transi-
tion state (TS) analogue story.'®** Since the early 1980s when
Jencks published his theory on fragment binding, which was
then borne out by experiment, the technology stayed rela-
tively dormant until the mid-90s when Abbott published re-
search using this technique as a platform for SAR (structure
activity relationship).”® Finally in 2011 the first fragment-
derived drug, vemurafenib, was approved, targeting a mutant
form of BRAF and extending life for patients with skin can-
cer. Since then two other drugs venetoclax and ribociclib
have been approved using this approach and fragment based
drug design is a staple of both industry and academia for
drug discovery and design.

Our own research into new drug discovery paradigms and
the synthesis of new and better drugs has focussed on an im-
proved understanding of how enzymes function and the
physical nature of the TS. Despite what we think we already
know about how enzymes work and therefore how to best
take aim at them with “magic bullets” the role and implica-
tions of, for example, protein dynamics in enzyme catalysis is
one of the old, yet important topics in contemporary enzy-
mology, revealing our incomplete knowledge of catalysis. In
order to design our magic bullets, we have incorporated the
concepts proposed by Haldane,'* Pauling,"® Lumry,'® Jencks,
and Wolfenden'” that enzymes have evolved to bind most
tightly to the TS of the enzyme-catalysed-reaction. While we
still lack the technology to directly “image” or sketch the TS
we can “freeze time” through an indirect approach to provide
a blueprint for enzyme inhibitor design.'® Vern Schramm
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and his group have vastly improved the process of TS ana-
logue design (TSAD) and have worked with Peter Tyler and
his colleagues at the Ferrier Research Institute to visualize
enzymatic TSs of nucleoside processing enzymes as stable
molecules, and as design elements for drugs or chemical
probes to further elucidate enzyme function.

Enzyme transition states

In chemistry, the TS is the highest energy point of a chemical
reaction and determines the rate and fate of the reaction. The
function of an enzyme, like that of any other catalyst, is to
make the TS for the reaction it catalyses easier to reach."® Un-
derstanding the TS provides insights into the chemical mech-
anism. A second lure to understanding the structures of the
TSs of enzyme catalysed reactions is that drugs resembling
the TS of an enzyme-catalysed reaction can theoretically bind
many times more tightly to the target enzyme than substrate
- up to 10"°-10" times.>*>" Of course tight binding of a mole-
cule to its target is only the first step in drug development. A
major barrier in drug discovery involves aspects around bio-
availability and pharmacodynamic and pharmacokinetic prop-
erties. Although biological effects are essential, we will see be-
low that many TS analogues sufficiently resemble normal
metabolites to also have favourable biological properties.

Early hints that TSAD might provide a pathway to new
“magic bullets” or drugs came from nature. One example is
proline racemase which catalyses the interconversion of 1-
and p-proline.*” In this reaction, one enzymic base abstracts
the o-proton from the substrate's chiral centre and the conju-
gate acid of another enzymic base protonates the substrate
from the opposite side. In the late 60s and early 70s pyrrole-
2-carboxylate and A-pyrrolidine-2-carboxylate were found to
bind significantly tighter than expected based on substrate
binding (Fig. 1).>>** Both compounds bound better than sub-
strate by around two orders of magnitude and this tight bind-
ing was rationalised as having resulted from ring planarity
which resembled the proposed TS where the a-carbon atom
of the substrate assumes a near-planar configuration at some
point in the reaction.” The actual TS structure was unknown
but the tight binding of these analogues led to a TS proposal
consistent with the reaction mechanism and reinforced the
theories of Pauling and his successors regarding enzymes
and how they functioned as catalysts.

The tight binding of TS mimics has been explained by a
thermodynamic model of TS stabilization.? In the hypotheti-
cal binding equilibrium between the enzyme and its TS, the
TS is held more tightly than the substrate by a factor equal to
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Fig. 1 The substrate of proline racemase together with putative TS
analogues.
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the rate acceleration, ken,/knon, and the energy of this “associ-
ation” is given by AAG*. Although a virtual thermodynamic
equilibrium cannot exist because of the sub-bond vibrational
lifetime of the TS, it is instructive to imagine capturing the
system at the moment the TS is formed. This energetic inter-
action is approximated by the real binding equilibrium with
a TS analogue, which, if it were a perfect mimic, would
completely convert the TS stabilization energy, AAG*, into
binding energy.

Alternatively, the dynamic view of TS theory explains the
tight-binding property of TS analogues by a conformational
collapse of the enzyme around the chemically stable mimic.
The chemically inert TS analogue converts the dynamic excur-
sions found at the TS to a stable convergence of the enzyme
conformation, resulting in the conversion of catalytic dynam-
ics into static binding energy and this is examined in detail
by Schramm.>’

In another nature-inspired TS mimic, Sawa et al. pub-
lished in 1967 that the natural product coformycin was a
powerful inhibitor of adenosine deaminase (Fig. 2).>° Later
its 2-deoxy analogue, pentostatin,>” was discovered and also
found to be a potent inhibitor of ADA. Pentostatin was ap-
proved by the FDA for the treatment of hairy cell leukemia.*®
The extremely tight-binding inhibitory properties of
coformycin and pentostatin are attributed to the unique
heterocyclic ring system that structurally is very similar to the
sp® TS believed to be involved in the deamination process.

As well as being a potent inhibitor, coformycin was an ex-
cellent chemical probe providing mechanistic information
not easily accessible by other methods. In the case of adeno-
sine deaminase, coformycin provided crucial information for
better understanding its mechanism and provided an indica-
tion of binding determinants at the active site, which are im-
portant for catalysis.>

The search for TS analogues grew rapidly and by 1975 al-
most 60 putative analogues had been described.*® The tight
binding of these compounds together with others inspired by
nature and drug discovery, like zanamivir, was also
rationalised on this basis that they resemble the TS of the re-
action catalysed. However, in all these cases the TSs had been
inferred from what was known about the reaction mecha-
nisms of the enzyme-catalysed reaction.*’* It is obvious in
hindsight that development of methods to determine the
chemical nature of the actual TS of an enzyme catalysed reac-
tion could provide chemists with a blueprint to synthesize
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Fig. 2 The structures of coformycin and pentostatin together with the
putative TS.
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the ideal structure of a TS analogue. Sequential incorporation
of individual TS features into candidate molecules could dis-
sect the energetics of each enzyme-TS analogue interaction. It
was proposed that this approach could offer an improvement
over “ground state” or random screening drug discovery
methods. Inhibitors based on TS knowledge might be
expected to bind more tightly and with greater fidelity than
technologies that rely on high-throughput screening, X-ray
crystallography and in silico methods. Chemists with their in-
creasingly deep knowledge of organic reaction mechanisms
can now compute and propose a model TS structure to esti-
mate the charge distribution and bond lengths. Quantum
chemical method are now approaching the stage where it
may soon become possible to rely fully on computational
chemistry to provide robust models of enzymatic TS.**

Sketching a transition state

Experimental approaches to capturing an image of a TS offers
considerable challenges as its lifetime is measured in femto-
seconds - in a femotosecond light does not even travel the di-
ameter of a bacterium.'® Over 30 years ago the Schramm
group was interested in what the differences might be be-
tween the same reaction catalysed by distinct catalysts, such
as an acid-catalyzed reaction, a slow enzyme reaction, or an
allosterically accelerated enzyme. In order to answer this
question and starting with AMP nucleosidase, Schramm de-
veloped indirect approaches to sketch or image the TS to see
if the TS varied if the reaction was catalysed by the enzyme or
acid.*® Building on the work of Melander and Saunders®” and
then Cleland,*® these approaches combined advances in com-
putational power with experimental and computational-
quantum chemistry developed during the 2nd world war as
part of the Manhattan Project."®® The TSs for these reactions
differed and although this research had no biological rele-
vance toward drug design, helped the Schramm group de-
velop the approaches needed to solve the TSs of biologically
relevant enzymes.

New Zealand's greatest scientist, Lord Rutherford, played
a significant role in the discovery of isotopes and they are
central to this process of sketching a TS.*® Kinetic isotope ef-
fects (KIEs) inform on bond vibrational changes between the
ground state and TS of a chemical reaction and are one of
the most powerful experimental techniques for interrogating
TS structure.’®*" Primary KIEs occur when a bond is formed
or broken to the isotopic atom during the reaction while sec-
ondary KIEs are observed when the number of bonds to the
isotopic atom remains unchanged.*”* The direct comparison,
equilibrium perturbation and the internal competition
method are the three main methods for the measurement of
KIEs.”* Several methods, including liquid scintillation
counting, mass spectrometry, nuclear magnetic resonance
spectroscopy and polarimetry have been used to determine
KIEs.***® The Schramm group has largely focussed on radio-
labels and internal competition using liquid scintillation
quantitation methods to determine KIEs, but has also con-
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firmed the approach by mass spectrometry methods.*’ Re-
cent interpretation of the KIEs into a model of the TS in-
volves a combined quantum mechanics and molecular
mechanics approach (QM/MM), a molecular simulation
method that combines QM for the chemical step and MM for
the dynamics of atomic excursions.

Transition state analogues

Although KIEs and QM/MM methods provided chemical
models of the TS of enzyme-catalysed reactions, as stated by
Wolfenden, it would be unrealistic to suppose that an ideal
TS analogue or mimic, perfectly resembling in binding prop-
erties the altered substrate in the TS, could ever be synthe-
sized."® Exact mimics of the TS are not possible because of
their non-equilibrium bond lengths, and the theoretical affin-
ities have not been achieved. In saying that, the accuracy of
the TS structure sketch must also be critical to realising in-
hibitors that approach binding constants predicted by theory.

So in general the TSAD approach requires:

1. Chemical or biochemical synthesis of substrate mole-
cules containing isotopic labels at specific positions.

2. Determination of experimental conditions wherein in-
trinsic isotope effects — that is, KIEs reflecting only the chem-
ical step — can be measured.

3. Measurement of KIEs for each position labelled in
step 1.

4. Iterative computation of theoretical KIEs from quantum
mechanical calculations with model structures until the KIEs
match those from experiment in step 3.

Using Schramm's technology our group has come close to
realising ideal or perfect TS analogues. The following pro-
vides a summary of the work to-date that led to the discovery
of Immucillin-H (ImmH, also known as BCX1777, Forodesine
and Mundesine®).

Nucleoside hydrolases

Following reports on the TSs formed by AMP nucleosidase
(vide supra) Schramm'’s group turned to the investigation of
the TS of the nucleoside hydrolase from the trypanosome
Crithidia fasciculata and is related to the nucleoside hydro-
lases of trypanosomes that infect humans, including
Trypanosoma brucei and Trypanosoma cruzi.>® TS analysis be-
gan with the synthesis of individual isotopically edited ver-
sions of the substrate inosine and the KIEs were mea-
sured. Early analysis of KIE data involved bond length
iteration using the BEBOVIB-IV program to model TS ge-
ometries. This work predated development of advanced
QM/MM algorithms for more direct comparison of com-
puted and measured KIEs for TS structure analysis and re-
quired modelling both the substrate, whose structure can
be obtained from crystallographic, spectroscopic, or other
means, and the TS. Specifically, this involved iterative model
manipulation, such as fixing bond lengths and angles, and
frequency calculation of all vibrational modes, with the assis-
tance of structure software applications, such as Gaussian,*
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which in the 1990s could be run on desktop computers for
simple systems but required advanced computational capabil-
ities for more complex systems.>’

In the case of the nucleoside hydrolase from C. fasciculata
the starting model for the substrate was taken from the crys-
tal structure of inosine and the starting structure for the TS
of the ribose ring portion of inosine was derived from the
X-ray crystal structure coordinates for ribonolactone. Given
the limitations of the BEBOVIB-IV program at that time, in-
cluding the maximum number of atoms that could be
employed in the model only the atoms around the reaction
centre were used.’® From this, the TS for nucleoside hydro-
lase was sketched within narrow limits as a structure with
well-defined bond lengths and conformational properties.
Shortly after this, Horenstein et al. published the full TS
structure of the C. fasciculata nucleoside hydrolase®® which
had substantial oxacarbenium ion character, a protonated
leaving group, the glycosidic linkage largely cleaved, and an
enzyme-directed attacking O nucleophile just within bonding
distance but having low bond order to its target carbon
(Fig. 3). The ribose portion of the nucleoside was held in a re-
active conformation via interactions with its hydroxyl groups.

The sketch generated of the TS 2 provided a starting point
for synthesis of a designed TS analogue. The role of the agly-
con was revealed through TS analysis and relatively simple
mimics synthesised, such as compounds 4 and 5 incorporat-
ing an aglycon mimic exhibited a slow onset tighter binding
phase as well as binding constants 4 to 5 magnitudes tighter
than substrate and significantly tighter than the iminoribitol
3 itself.”

Purine nucleoside phosphorylase

Purine nucleoside phosphorylase (PNP) is one of the enzymes
comprising the purine salvage pathway.>>>* PNP catalyzes the
reversible  phosphorolysis of purine ribo- or 2
deoxyribonucleosides to the purine and ribose- or
2-deoxyribose 1-phosphate. Interest in PNP as a drug target
arose from the observation that some children lacking PNP
lacked T-cell function but retained normal B-cell function.>*>"
Rapidly dividing human T cells are susceptible to the loss of
PNP, because of their high concentration of the enzyme
deoxycytidine kinase (dCK). Loss of PNP causes accumulation
of 2'-deoxyguanosine, converted to 2'-deoxyguanosine mono-
phosphate (dGMP) by dCK. It accumulates as 2-
deoxyguanosine triphosphate (dGTP) in activated, but not

) Ho Al Ho—A /! VA
w kf\ SR
HO OH HO OH HO OH
Inosine 380,000 nM 2 310,000 nM 4170 M 52,500 nM

Fig. 3 Substrate of nucleoside hydrolase together with a putative TS
and early TS analogues. The structure of the base unit of TS 2 is not
complete due to the limitations of BEBOVIB. The inhibition constant K;
is denoted in red.

1986 | Med. Chem. Commun., 2018, 9, 1983-1993

View Article Online

MedChemComm

resting T cells. This nucleotide accumulates in T cells because
it does not diffuse across cell membranes and because T-cells
have relatively low nucleotide phosphomonoesterase activity
to metabolize dGMP. High concentrations of dGTP allosteri-
cally inhibit ribonucleoside diphosphate reductase (rNR). This
inhibition prevents the conversion of cytidine diphosphate
(CDP) to 2'-deoxycytidine diphosphate (dCDP); therefore, DNA
synthesis is impaired in activated T cells, eventually resulting
in cell death.”>"®

As such, PNP inhibitors were proposed to have potential
for the treatment of T-cell leukemias or lymphomas, in organ
transplantation, in T-cell-mediated autoimmune diseases
such as rheumatoid arthritis and psoriasis, and in the auto-
immune disorder causing insulin-dependent diabetes.’*>®
Individuals with genetic deficiencies of PNP that retain as lit-
tle as 5% of normal catalytic activity do not exhibit manifes-
tations of T-cell deficiency and do not accumulate circulating
dGuo. Therefore, nearly complete inhibition of PNP (>95%)
must be achieved to increase the dGuo concentration to the
level required for T-cell toxicity.>® As early as 1972 Parks be-
gan studying the substrate specificity of PNP with structural
variants of the glycone and aglycone.”®*® Warner Lambert/
Parke Davis, Ciba Geigy, Welcome Research Laboratories and
several other pharmaceutical companies and Universities
were interested in this target up until the 1990s however they
had not achieved inhibition constants necessary to suffi-
ciently inhibit PNP activity.®' °° Starting from nucleoside ana-
logues like acyclovir and its diphosphate (Fig. 4), these in-
cluded compounds like 9-benzyl-8-aminoguanine, 5-iodo-9-
deazainosine, PD 119229, CI-972, and CI-1000 all of which
exhibited nanomolar inhibition constants. Some of these
drug candidates were progressed to studies in rats and
primates.®"*”"* BioCryst Pharmaceuticals employed crystal-
lographic modelling techniques to design inhibitors of
PNP°*%*’® and progressed one example (Peldesine) into
phase III clinical trials for the treatment of psoriasis.”> Enzy-
matic studies indicated that Peldesine had a rapid off rate
and could not inhibit PNP sufficiently to elevate plasma
dGuo to levels necessary for T-cell suppression.””

In order to design a drug that completely inhibited whole
body PNP, leading to the build-up of dGuo and T-cell death
we needed a low nanomolar-picomolar inhibitor with a longer
off-rate from the enzyme. Therefore, having refined the TSAD
approach through our work on nucleoside hydrolases we took

9 b 0
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N7 NH, o
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Acyclovir Acyclcvir Il 9-benzyl-8-amil i 5'"-iodo-9-
91 M 9nM 200 nM 180 nM
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NH NH
HZH b 5 ) " Qﬁf Qﬁf
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PD119229 Cl-972 PD141955; CI-1000 Peldesine BCX34
67 nM 830 nM 60 nM 13.5nM

Fig. 4 PNP inhibitors together with their inhibition constants against
Hs PNP. The inhibition constant K; is denoted in red.
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up the challenge to tackle the problems of finding a potent
PNP inhibitor.

Bovine PNP is 87% identical in amino acid sequence to
human PNP and was used for the KIE experiments. Synthesis
of the labelled substrates was performed in two stages, each
involving several enzymes and substrates in a single reaction
mixture. In most cases, an appropriately radiolabelled glu-
cose and/or ’N-substituted adenine was converted to ATP,
which was isolated by HPLC. The purified nucleotides were
dephosphorylated to adenosine, and converted to inosine by
adenosine deaminase.****

The KIEs were originally studied via inosine phosphoroly-
sis; however, the commitment factor of these reactions com-
plicated the analysis (commitment factors are the ratio of for-
ward and reverse rate constants). To minimize these
shortcomings, phosphate was substituted with arsenate
which reacts as a nucleophile to form ribose 1-arsenate and
this is irreversibly hydrolysed to ribose and arsenate. Inter-
pretation of KIEs for inosine arsenolysis used computer
modelling and started with the crystal structure of inosine as
the ground state model.** This was compared by bond-
vibrational analysis to varied approximations of the TS until
calculated KIEs best-matched experimental values. The TS oc-
curs early in the reaction coordinate, as indicated by the sig-
nificant C1'-N9 bond (1.77 A; bond order = 0.38) that still ex-
ists to the leaving group. The 3.0 A distance between C-1' and
the nucleophilic oxygen of arsenate indicates that essentially
no bonding from the nucleophile has yet formed at the TS
(Fig. 5).2%*

With a blueprint for the design of a TS analogue in hand
we needed to consider the chemical stability of the putative
TS mimic, something that would not react in the enzyme ac-

1083 e
SHS's, 3H55 (/ < )NH
2 HOs e Ho- & NTOW
O‘“c/1 /1026 O~/1.77A
3H4! 3~ VA
s T 3.00A
1008 HO OH \ HO OH \\-b—(':"—ou
1.152
Inosine ition state ition state

Fig. 5 (a) Structures of inosine, the TS and the proposed analogue
with the KIEs shown in red. (b) Molecular electrostatic potential (MEP)
surfaces for ground-state inosine, Bt (bovine taurus) PNP TS, and
ImmH calculated using Gaussian03 and visualized with GaussView at a
density of 0.008 electrons per bohr®. Ball-and-stick models are super-
imposed with the surfaces. The colour scale indicates regions that are
electron rich (red) and electron deficient (blue). Positive-charge char-
acter can clearly be seen at N7 of the TS and at the 4’-position of the
ring in the analog, but these regions are electron rich in the reactant
state.
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tive site. To achieve this a carbon-carbon bond was intro-
duced between the “anomeric” centre at C1’ through replace-
ment of N9 with a carbon atom which also assured that N7
was protonated at physiological pH, another important fea-
ture of the TS. Removing the ring oxygen of the oxa-
carbenium ion and replacing it with a nitrogen atom mim-
icked the expected charge at the TS which should exploit
ionic interactions in the active site.

ImmH aka Forodesine the active ingredient of Mundesine®

Following initial attempts to synthesise the target TS analogue
of nucleoside hydrolases, the “sketch” of which bore similari-
ties to the PNP TS blueprint, in his own laboratories
Schramm approached Richard Furneaux's carbohydrate
chemistry group in New Zealand where he and Peter Tyler
had extensive experience synthesising iminosugars and in
particular  derivatives of  castanospermine’>”®  and
deoxymannojirimycin.”” Tyler adapted the C-nucleoside syn-
thesis of the deazapurines: deazainosine,”® deazaadenosine,”
and deazaguanosine (Fig. 6).*° Deazainosine is structurally
similar to formcyin B and all these C-nucleoside compounds
had antiprotozoal activity, presumed to act by interrupting
the salvage of purines or interruption of nucleic acid synthe-

.57 Our initial attempts to synthesise the target analogue
followed on from Horenstein®" which relied upon the work of
Fleet who had devised an excellent synthesis of the key imino-
ribitol 6.%2

Key to the synthetic approach to the imino-C-nucleoside
analogues was the synthesis of the imine 7 (Fig. 7) which had
been developed by Horenstein and Schramm largely based
on the work of Fleet and started from the commercially
available p-gulonolactone.®” In order to realise the blueprint
or model of the PNP TS and construct a carbon-carbon bond
linking the glycone mimic with the aglycone we needed to
create an electrophilic centre and both the imine 7 and
nitrone 8 structures would enable us to do this.

A key step in the synthesis of imine 7 involved
N-halogenation and then dehydrohalogenation of the imino-
ribitol under kinetic control. This dehydrohalogenation was
originally achieved using a hindered base, like lithium tetra-
methylpiperidide at low temperatures; however this process
became problematic in large-scale synthesis requiring cooling
around -100 °C or long addition times that maintained the
internal reaction temperature below —70 °C.>" The process to
make this key intermediate was later refined by scientists at
BioCryst starting from r-lyxonolactone®® and using a phase

H
N [N
AL Ho

HO
0. N R 0.

TBDMSO— H
%N:

o 0

HO OH HO OH

R=H deazainosine deazaadenosine Iminoribitol 6

R = NH, deazaguanosine

Formycin B

Fig. 6 Structures of deazapurines and the iminoribitol 6 a key
intermediate in the synthesis of TS analogues of PNP.
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Fig. 7 Structure of p-gulonolactone and electrophilic versions of the
iminoribitol.

transfer method and potassium hydroxide as the base in the
dehydrohalogenation step (Scheme 1).** As a reactive electro-
phile the imine could be treated with a variety of nucleo-
philes and addition of lithiated acetonitrile allowed the later
steps to the final imino-C-nucleosides to be an adaption of
the methodology developed by Klein and co-workers.?> Where
the nucleophiles proved relatively unreactive either due to
steric hindrance or instability, the nitrone 8 was particularly
useful and allowed us to make various homologues that
could not be prepared through the imine and had the added
advantage of being a white crystalline solid that could be
stored indefinitely, unlike imine 7.*>*” The initial methodol-
ogy used to prepare the nitrone 8 followed the method pub-
lished by Murahashi and involved the use of selenium diox-
ide, hydrogen peroxide and acetone as the solvent.*®®’
Concerns over the formation of explosive acetone peroxides
led us to wuse -catalytic methylrhenium trioxide in a
dichloromethane/methanol mixture and this method gave
improved yields.

Once the imine was in hand conversion to the TS ana-
logue based on the TS blueprint involved addition of lithiated
acetonitrile followed by a multi-step conversion of this stub
to a deazahypoxanthine moiety (Scheme 2) to afford ImmH
in 20 linear steps and a 5% overall yield.*®

In order to improve the overall yield of the ImmH produc-
tion process and make it more scalable, we investigated a
convergent approach to ImmH by adding a protected deaza-
purine to the electrophilic imine. Initially we were unsuccess-
ful as the lithiated deazapurines tended to deprotonate sub-
strates/solvents before addition to the imine occurred. After
exploring a variety of protecting group strategies, solvents
and solvent mixtures, it was found that a mixture of ether
and anisole proved effective for the lithiation of 19 and sub-
sequent addition to the imine affording protected ImmH 20
(Scheme 3). Global deprotection of the intermediate in con-
centrated acid proceeded in excellent yields to afford ImmH
in multigram quantities.

O.

OH
0 OH ¢
TBDMSO TBDMSO [
o _0
)\ A

1"
TBDMSO TBDMSO— H TBDMSO
N N,

OMs oMs d N N

TBDMSO 4’
[eXye] 00
A )&

12 6 7

TBOMSO— §,

0
Reagents: (a) TBDMSCI, Im, DMF, r.t., 95%; (b) LAH, THF, r.t., 98%; (c) MsCI, Et3N, N:
CH,Clp, 0°C—r.t., 97%; (d) Benzylamine, 80 °C, 61%; (e) PA(OH),/C, H,, EtOH, 62%;

(f) NCS, hexane, r.t.; (g) LITMP, THF, -80 C, 56% for 2 steps. (h) CH3ReO3 (0.2 mol 00

%), H20, (30%), CH,Clo/MeOH,0°C, 72%.

<

Scheme 1 Synthesis of the imine 7 and nitrone 8.
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CH,Cly, reflux; (f) Et3N, MeOH, r.t., 55% for 2 steps; (g) Formamidine acetate, EtOH,
reflux, 91%; (h) TFA, r.t., 81%.

Scheme 2 Synthesis of ImmH.

The inhibition constants of ImmH and the related com-
pound ImmG were initially assessed against bovine PNP and
for InmG exhibited slow onset tight binding and an inhibi-
tion constant of 23 pM (Fig. 8).”° These compounds, based
on TS structure, demonstrated unprecedented affinity and se-
lectivity for bovine PNP, achieving the goals of tight-binding,
slow-release kinetics.”® Many drug discovery and develop-
ment campaigns seek to result in tight binding inhibitors
and in some cases, as with PNP, a slow off-rate is also impor-
tant. When compared with the structurally related com-
pounds ImmA and 4-aza-3-deaza-ImmH (Fig. 8) we can see
how important the TS features of the aglycone are to affinity.
With the loss of the oxygen at C6 we see a drop in affinity of
5 orders of magnitude to bovine PNP and the transposition
of the nitrogen 3 to 4 leading to drop of 7 orders of
magnitude.’*>

With bovine PNP, complete inhibition of the homo-
trimeric enzyme with ImmH occurred at one mole of inhibi-
tor per mole of enzymic trimer. Binding of the TS inhibitor at
one site per trimer decreased the inhibitor binding at the
remaining two sites of the homotrimer. Slow inhibitor disso-
ciation (e.g, ¢/, of 4.8 h) suggested that ImmH would have
favourable pharmacologic properties and its oral bioavailabil-
ity in mice was measured at 63% but was found to be lower
in primates.”**

Bovine PNP was crystallized in the presence of excess
ImmH and phosphate to ensure symmetric occupancy of the
three subunits of the trimer. Comparisons of the 1.5 A struc-
ture to previously solved structures of PNP complexes with
inosine or ribose 1-phosphate revealed important structural
changes that occur as the enzyme progresses from the
Michaelis complex, through the TS, to products. In particular,
six hydrogen bonds were either introduced or made stronger
in the PNP-ImmH-PO, complex compared to the PNP-inosine
SO, complex. Additionally, the nucleophilic oxygen of the
phosphate was brought nearly 1 A closer to C-1' to form an

Bn

Oﬂ b
TBDMSO N BnO \ ‘ N NH
y \N a__TBDMSO ) b \ [ J

< L N

7 19 Immucillin-H

Reagents: Anisole, Et,0, -70 - 0 °C, ; (b) TFA, rt., 81%.

Scheme 3 Convergent synthesis of ImmH.
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Fig. 8 Inhibition constants of some immucillins against bovine and
human PNP. The inhibition constant K; is denoted in red.

ion pair with the cationic N-4’ of ImmH. The 3.2 A distance
between the nucleophile and the anomeric carbon of ImmH
is consistent with the structure for the early dissociative TS
determined from KIE analysis by Kline and Schramm.**

In vitro studies of ImmH demonstrated that it suppressed
the growth of T-cell leukemia cell lines in the presence of
added dGuo. In 2000 BioCryst Pharmaceuticals Ltd licensed
all PNP inhibitors produced by the Schramm-Tyler collabora-
tion that had an ICs, of less than 50 nM and this included
ImmH.”°® BioCryst demonstrated that InmH was an effec-
tive inhibitor of PNP in mice and primates by either oral or
intravenous administration, satisfying the essential require-
ments for bioavailability and biological efficacy.””®

Interestingly, the final dissociation constants of ImmH
when assayed against human PNP were higher than for bo-
vine PNP (Fig. 8). To further investigate this difference, the
human protein was expressed and purified and the TSAD
process repeated. Distinct from the bovine PNP TS the dis-
tance from the leaving purine group to the 1'-carbocation is
greater in human PNP and this distance needed to be incor-
porated into analogues specific for the human enzyme. Hu-
man PNP is characterized by a fully-developed ribocation in
an Syl-like TS, thus it was necessary to shift the cationic
charge on the ring to the anomeric position.”® With these de-
sign principles specific for human PNP, DADMe-ImmH (22)
and DADMe-ImmG (23) were designed as potential mimics of
the TS and synthesised as second generation analogues spe-
cific for human PNP (Fig. 9). Their dissociation constants of
8.5 and 7 pM, respectively established that the fine details of
TS analysis can yield specific and powerful analogues.

The original synthesis of DADMe-ImmH (22) was a
convergent approach starting with the 3-hydroxymethyl-4-
hydroxypyrrolidine (21). Compound 21 was first synthesised
by the Aldrich Chemical company in 1965 (ref. 100) as a mix-
ture of stereoisomers and later stereospecifically by Ichi-
kawa.'®’ In the interim, Bols et al. had synthesised com-
pound 21 and screened it and a variety of derivatives against

o)
H
N [ NH
\ P
HO HO N7 R
k :NH k :N
HO HO
21 22 R=H HsPNP8.5pM

23 R=NH, Hs PNP 7 pM

Fig. 9 Structure of iminoribitol and TS analogues DADMe-ImmH and
DADMe-ImmG. The inhibition constant K; is denoted in red.
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PNP.'*? In 2001 Pedersen et al. published a scalable method
starting from bp-xylose and we adapted this chiral pool
method initially before developing our own asymmetric syn-
thesis (Scheme 4).%

Another component of the convergent approach was the
synthesis of a series of 9-deazapurines substituted with an
aldehyde group at C-9 (Scheme 5). These could be formed
through the appropriately protected 9-bromo-9-deazapurine
via a lithium halogen exchange reaction followed by
quenching with DMF to yield the desired aldehydes.*® For ex-
ample, reductive amination of the aldehyde 28 with the
amine 21 followed by deprotection afforded the second gen-
eration DADMe-ImmH (22) in good yield.

Later a synthetic method was developed that allowed
scale-up and production of the DADMe-Immucillins using
the Mannich reaction in a synthesis free of protecting groups
(Scheme 6).'%*

DADMe-ImmH (22) was a more potent inhibitor of human
PNP than ImmH. A single oral dose in mice caused inhibi-
tion of the target enzyme for the approximate lifetime of cir-
culating erythrocytes.'® Also licensed to BioCryst, DADMe-
ImmH (22) was sub-licensed to Roche who investigated its ef-
ficacy against psoriasis in a series of phase I and II human
clinical trials.’®® BioCryst successfully completed a phase II
study in gout with DADMe-ImmH (22) given the trade name
Ulodesine. It was found to be safe and generally well toler-
ated when added to allopurinol for up to 24 weeks. Patients
at the end of therapy generated a healthy immune response
to vaccination. Adverse event frequency and severity was simi-
lar among all groups and no differences were seen in the rate
or severity of infections. There were no protocol-driven study
drug withdrawals due to low lymphocyte counts in the pla-
cebo, 5 mg d', and 10 mg d™ groups. The efficacy of
Ulodesine in reducing serum uric acid levels at 12 weeks was
sustained at 24 weeks.""”

The next two generations of the Immucillins were based
on attempts at structural simplification of the azasugar
moiety. Initially we made two simple acyclic analogues of
Ulodesine through the Mannich reaction of diethanolamine
and its one carbon homologue 3-[(2-hydroxyethyl)amino]-1-
propanol with 9-deazahypoxanthine (27) to afford compounds
31 and 32 (Fig. 10) and these were nM inhibitors of HsPNP,
significantly less potent than DADMe-ImmH (22).'%%

En En
=\ a he) b 0]
EtO,C  COEt i /
EtO,C CO,Et EtO,C  OH
diethyl maleate (£)-24 (#)-25
Bn Bn
c N0 N_o de Ho—t‘
—_ __4de | NH
o T
EtO,C  OH HO,C'  ©OH HO
26 (+)-27 21

Reagents: (a) BANOH, CH,0, EtOH, reflux, 97%; (b) Zn, AcOH, r.t., 90%; (c)
Novazyme 435, pH 7.5, 27 oC, 32% of X; (d) BF3 Et,0, NaBH,4, THF, r.t., 91%; (e)
H,, Pd/C, EtOH, r.t., 100%.

Scheme 4 Asymmetric synthesis of Ichikawa amine 21.
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Scheme 5 Synthesis of DADMe-ImmH via reductive amination.
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Scheme 6 Synthesis of DADMe-ImmH and DADMe-ImmG via the
Mannich reaction.
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Fig. 10 Next generation PNP inhibitors. The inhibition constant K; is
denoted in red.
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Fig. 11 Acyclic PNP inhibitors. The inhibition constant K; is denoted in
red.

While looking to reduce the ring size of the DADMe-
immucillins we investigated the synthesis of azetidine 33
(ref. 109) and the aziridine homologue and found that where
we looked to incorporate an aziridine ring system we ob-
served a ring opened acyclic variant as a mixture of diastereo-
mers which showed pM inhibition of PNP (Fig. 11). Following
synthesis of the different stereoisomers, one of these,
DATMe-ImmH (34) was found to inhibit PNP with a similar
potency to that of DADMe-ImmH (22). In light of this result
we set about making a number of further acyclic inhibitors
and found that the achiral SerMe-ImmH (35) was the most
potent PNP inhibitor of all."*°

Clinical studies

Human patient clinical trials with ImmH were initiated by Bio-
Cryst Pharmaceuticals Inc. under the tradename Forodesine
(initially as BCX-1777). Intravenous and oral formulations were
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administered to patients suffering from various T-cell and
B-cell lymphomas and leukemias, as well as from solid tu-
mours."™" Further phase I and II trials of ImmH were carried
out in patients with cutaneous T-cell lymphoma (CTCL). Oral
Forodesine at a dose of 200 mg daily was shown to be feasible
and provided partial efficacy in patients who had already failed
three or more systemic therapies, with some durable re-
sponses.'”” In 2006 BioCryst sub-licensed ImmH to
Mundipharma AG'*® and it has been approved in Japan as
Mundesine® for use against recurrent or resistant peripheral T
cell lymphoma, a heterogeneous group of clinically aggressive,
rare cancers associated with poor outcomes."'*

Conclusions

Academic research groups have made important contribu-
tions to the discovery of new medicines. In order to compete
with pharmaceuticals companies, due to the comparatively
limited infrastructure available to academic groups, they
need to work smarter in order to have an impact. TSAD is
just one such smart drug design method and has been devel-
oped into a practical approach for the development of novel
drug candidates. Linus Pauling first posited the idea that en-
zymes have evolved to recognise the TS - the rarest of high
energy states in a reaction. TS analogues rely on protein dy-
namic structure which has evolved to discover the TS with
high probability, relative to all other dynamic structural
states. The TS analogue stabilises a favoured conformational
form of a thermodynamically fixed state in complex with the
analogue which are released on the minute time scale. The
ability to routinely establish a TS structure and develop ana-
logues for a variety of different enzymes is now providing a
constant stream of biologically magic bullets.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Thanks to the patent law and chemistry expertise of Professor
Richard Furneaux. Support for these research efforts have
come from NIH research grants GM04961 and AI127807. And
by grants C08X029 and C08X0701 from the New Zealand
Foundation for Research Science and Technology.

Notes and references

1 ]. Drews, Nat. Rev. Drug Discovery, 2004, 3, 797-801.

2 Y. Bosch and L. Rosich, Pharmacology, 2008, 82, 171-179.

3 T. L. Blundell, Nature, 1996, 384, 23-26.

4 P. Csermely, V. Agoston and S. Pongor, Trends Pharmacol.
Sci., 2005, 26, 178-182.

5 A. Shamas-Din and A. D. Schimmer, Exp. Hematol.,
2015, 43, 713-717.

6 M. Everts, T. Cihlar, J. R. Bostwick and R. J. Whitley, Annu.
Rev. Pharmacol. Toxicol., 2017, 57, 155-169.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8md00372f

Published on 28 August 2018. Downloaded by RSC Internal on 12/17/2018 11:20:40 AM.

MedChemComm

7

8

10

11
12

13

14

15
16

17
18
19
20

21

22

23

24

25
26

27

28

29

30

31

32

33

34

35

T. Blundell, TUCr], 2017, 4, 308-321.

J. Frearson and P. Wyatt, Expert Opin. Drug Discovery,
2010, 5, 909-919.

W. P. Jencks, Protein Sci., 1994, 3, 2459-2464.

D. A. Erlanson, R. S. McDowell and T. O'Brien, J. Med.
Chem., 2004, 47, 3463-3482.

C. W. Murray and D. C. Rees, Nat. Chem., 2009, 1, 187-192.
W. P. Jencks, Proc. Natl Acad. Sci. U. S. A., 1981, 78,
4046-4050.

S. B. Shuker, P. J. Hajduk, R. P. Meadows and S. W. Fesik,
Science, 1996, 274, 1531-1534.

J. Haldane, Enzymes, Longmans Green, New York, 1930.

L. Pauling, Chem. Eng. News, 1946, 24, 1375-1377.

R. I. Lumry, K. Linderstrom-Lang, J. S. P. Boyer, H. Lardy
and K. Myrbidck, The Enzymes, Academic Press, New York,
1959, vol. 1.

R. Wolfenden, Nature, 1969, 223, 704-705.

V. L. Schramm, Scientist, 2012, 26, 30.

R. Wolfenden, Acc. Chem. Res., 1972, 5, 10-18.

A. S. Murkin and V. L. Schramm, Purine Nucleoside
Phosphorylases as Targets For Transition-State Analog
Design, in Drug Design: Structure- and Ligand-Based
Approaches, ed. K. Merz, Jr, D. Ringe and C. Reynolds,
Cambridge, Cambridge University Press, 2010, pp. 215-247.
V. L. Schramm, Nucleosides, Nucleotides Nucleic Acids,
2004, 23, 1305-1311.

L. M. Fisher, W. J. Albery and J. R. Knowles, Biochemistry,
1986, 25, 2529-2537.

G. ]J. Cardinale and R. H. Abeles, Biochemistry, 1968, 7,
3970-3978.

M. V. Keenan and W. L. Alworth, Biochem. Biophys. Res.
Commun., 1974, 57, 500-504.

V. L. Schramm, Acc. Chem. Res., 2015, 48, 1032-1039.

T. Sawa, Y. Fukagawa, I. Homma, T. Takeuchi and H.
Umezawa, J. Antibiot., 1967, 20, 227-231.

J. Hanvey, J. K. Hardman, R. J. Suhadolnik and D. C. Baker,
Biochemistry, 1984, 23, 904-907.

W. D. Klohs and A. ]J. Kraker, Pharmacol. Rev., 1992, 44,
459-477.

D. Wilson, F. Rudolph and F. Quiocho, Science, 1991, 252,
1278-1284.

R. Wolfenden, Transition state analog inhibitors and enzyme
catalysis, Annu. Rev. Biophys. Bioeng., 1976, 5(1), 271-306.

X. Wang, L. Krasnova, K. B. Wu, W.-S. Wu, T.J. Cheng and
C.-H. Wong, Bioorg. Med. Chem. Lett., 2018, 28(16), 2708-2712.
M. E. Kidane, B. H. Vanderloop, W. Zhou, C. D. Thomas, E.
Ramos, U. Singha, M. Chaudhuri and W. D. Nes, J. Lipid
Res., 2017, 58, 2310-2323.

C. Adamson, R. J. Pengelly, S. Shamsi Kazem Abadi, S.
Chakladar, J. Draper, R. Britton, T. M. Gloster and A. ]J.
Bennet, Angew. Chem., Int. Ed., 2016, 55, 14978-14982.

J. Zhou, P. Stapleton, S. Haider and J. Healy, Bioorg. Med.
Chem., 2018, 26, 2921-2927.

A. Fersht, A guide to enzyme catalysis and protein folding,
Structure and mechanism in protein science, 1999, pp. 508-
539.

This journal is © The Royal Society of Chemistry 2018

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

View Article Online

Review

D. W. Parkin and V. L. Schramm, Biochemistry, 1987, 26,
913-920.

L. C. Melander and W. H. Saunders, Reaction rates of
isotopic molecules, John Wiley & Sons, 1980.

W. W. Cleland, The use of isotope effects to determine
transition-state structure for enzymic reactions, in Methods
in enzymology, Elsevier, 1982, vol. 87, pp. 625-641.

E. Rutherford and F. Soddy, Philos. Mag. Series 6, 1903, 5,
576-591.

C. F. Stratton, M. B. Poulin and V. L. Schramm, Binding
Isotope Effects for Interrogating Enzyme-Substrate
Interactions, in Methods in enzymology, Elsevier, 2017, vol.
596, pp. 1-21.

J. A. Linscott, K. Kapilashrami, Z. Wang, C. Senevirathne,
I. R. Bothwell, G. Blum and M. Luo, Proc. Natl. Acad. Sci. U.
S. A., 2016, 113, E8369-E8378.

H. Gu and S. Zhang, Molecules, 2013, 18, 9278-9292.

P. Cook and W. W. Cleland, Enzyme Kinetics and
Mechanism, Garland Science, 2007.

P. C. Kline and V. L. Schramm, Biochemistry, 1993, 32,
13212-13219.

D. A. Singleton and A. A. Thomas, J. Am. Chem. Soc.,
1995, 117, 9357-9358.

D. Crich and N. S. Chandrasekera, Angew. Chem., 2004, 116,
5500-5503.

J. Chan, A. R. Lewis, M. Gilbert, M.-F. Karwaski and A. J.
Bennet, Nat. Chem. Biol., 2010, 6, 405-407.

G. Bergson, O. Matsson and S. Sjoberg, Determination of
Kinetic Isotope Effects by a Polarimetric Differential
Method, European Symposium on Organic Chemistry (ESOC
1), Germany, 1979.

P. ]. Berti, S. R. Blanke and V. L. Schramm, J. Am. Chem.
Soc., 1997, 119, 12079-12088.

B. A. Horenstein, D. W. Parkin, B. Estupinan and V. L.
Schramm, Biochemistry, 1991, 30, 10788-10795.

B. A. Horenstein, R. F. Zabinski and V. L. Schramm,
Tetrahedron Lett., 1993, 34, 7213-7216.

P. E. Morris and G. A. Omura, Curr. Pharm. Des., 2000, 6,
943-959.

A. Bzowska, E. Kulikowska and D. Shugar, Pharmacol. Ther.,
2000, 88, 349-425.

E. Giblett, A. Ammann, R. Sandman, D. Wara and L.
Diamond, Lancet, 1975, 305, 1010-1013.

M. L. Markert, Immunodeficiency, 1991, 3, 45-81.

S. E. Ealick, Y. S. Babu, C. E. Bugg, M. D. Erion, W. Guida,
J. A. Montgomery and J. A. Secrist, Proc. Natl. Acad. Sci. U.
S. A., 1991, 88, 11540-11544.

J. C. Sircar, M. J. Suto, M. E. Scott, M. K. Dong and R. B.
Gilbertsen, J. Med. Chem., 1986, 29, 1804-1806.

J. D. Stoeckler, C. Cambor and R. E. Parks Jr, Biochemistry,
1980, 19, 102-107.

R. W. Miles, P. C. Tyler, R. H. Furneaux, C. K. Bagdassarian
and V. L. Schramm, Biochemistry, 1998, 37, 8615-8621.

R. Parks Jr and R. Agarwal, 16 Purine Nucleoside
Phosphorylase, in The enzymes, Elsevier, 1972, vol. 7, pp.
483-514.

Med. Chem. Commun., 2018, 9, 1983-1993 | 1991


http://dx.doi.org/10.1039/c8md00372f

Published on 28 August 2018. Downloaded by RSC Internal on 12/17/2018 11:20:40 AM.

Review

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79
80

81

82
83

84

M. K. Dong and R. B. Gilbertsen, Agents Actions, 1993, 39,
C99-C101.

R. B. Gilbertsen, U. Josyula, J. C. Sircar, M. K. Dong, W. S.
Wu, D. J. Wilburn and M. C. Conroy, Biochem. Pharmacol.,
1992, 44, 996-999.

W. C. Guida, R. D. Elliott, H. J. Thomas, J. A. Secrist, Y. S.
Babu, C. E. Bugg, M. D. Erion and S. E. Ealick, J. Med.
Chem., 1994, 37, 1109-1114.

J. Tuttle and T. Krenitsky, J. Biol. Chem., 1984, 259,
4065-4069.

D. S. Shewach, J.-W. Chern, K. E. Pillote, L. B. Townsend
and P. E. Daddona, Can. Res., 1986, 46, 519-523.

J. D. Stoeckler, J. B. Ryden, R. E. Parks, M.-Y. Chu, M.-I.
Lim, W.-Y. Ren and R. S. Klein, Can. Res., 1986, 46,
1774-1778.

D. G. Robertson, E. R. Urda, M. R. Bleavins and N. D.
Lalwani, Adv. Exp. Med. Biol., 1994, 370, 173-177.

H. Hallak, A. Hayes, M. Dong, R. Gilbertsen and R.
Guttendorf, Adv. Exp. Med. Biol., 1994, 370, 161-165.

R. B. Gilbertsen and M. K. Dong, Adv. Exp. Med. Biol.,
1994, 370, 167-171.

Y. S. Babu, S. E. Ealick, C. E. Bugg, M. D. Erion, W. C.
Guida, J. A. Montgomery, J. A. Secrist and J. A. III, Acta
Crystallogr., Sect. D: Biol. Crystallogr., 1995, 51, 529-535.

V. Gandhi, J. M. Kilpatrick, W. Plunkett, M. Ayres, L.
Harman, M. Du, S. Bantia, ]J. Davisson, W. G. Wierda, S.
Faderl, H. Kantarjian and D. A. Thomas, Blood, 2005, 106,
4253-4260.

R. H. Furneaux, G. ]J. Gainsford, J. M. Mason and P. C.
Tyler, Tetrahedron, 1994, 50, 2131-2160.

R. H. Furneaux, J. M. Mason and P. C. Tyler, Tetrahedron
Lett., 1994, 35, 3143-3146.

R. H. Furneaux, J. M. Mason and P. C. Tyler, Tetrahedron
Lett., 1995, 36, 3055-3058.

R. H. Furneaux, G. J. Gainsford, J. M. Mason, P. C. Tyler, O.
Hartley and B. G. Winchester, Tetrahedron, 1995, 51,
12611-12630.

R. H. Furneaux, G. J. Gainsford, J. M. Mason, P. C. Tyler, O.
Hartley and B. G. Winchester, Tetrahedron, 1997, 53, 245-268.
R. H. Furneaux, P. C. Tyler and L. A. Whitehouse,
Tetrahedron Lett., 1993, 34, 3613-3616.

M.-I. Lim, R. S. Klein and ]. J. Fox, Tetrahedron Lett.,
1980, 21, 1013-1016.

M.-I. Lim and R. S. Klein, Tetrahedron Lett., 1981, 22, 25-28.
M.-I. Lim, W. Y. Ren, B. A. Otter and R. S. Klein, J. Org.
Chem., 1983, 48, 780-788.

J. J. Marr, R. L. Berens, N. K. Cohn, D. Nelson and R. S.
Klein, Antimicrob. Agents Chemother., 1984, 25, 292-295.

G. W. ]J. Fleet and J. C. Son, Tetrahedron, 1988, 44, 2637-2647.
H. Batra, R. M. Moriarty, R. Penmasta, V. Sharma, G.
Stanciuc, J. P. Staszewski, S. M. Tuladhar, D. A. Walsh, S.
Datla and S. A. Krishnaswamy, Org. Process Res. Dev.,
2006, 10, 484-486.

Y. S. Babu, P. L. Kotian, S. Bantia, M. Wu and V. S. Kumar,
Antiviral azasugar-containing nucleosides, US20150291596A1,
2015.

1992 | Med. Chem. Commun., 2018, 9, 1983-1993

85

86

87

88

89

90
91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

View Article Online

MedChemComm

G. B. Evans, R. H. Furneaux, G. J. Gainsford, V. L. Schramm
and P. C. Tyler, Tetrahedron, 2000, 56, 3053-3062.

G. B. Evans, R. H. Furneaux, H. Hausler, D. S. Larsen and
P. C. Tyler, J. Org. Chem., 2004, 69, 2217-2220.

L. D. Harris, R. K. Harijan, R. G. Ducati, G. B. Evans, B. M.
Hirsch and V. L. Schramm, ACS Chem. Biol., 2018, 13,
152-160.

S.-I. Murahashi and T. Shiota, Tetrahedron Lett., 1987, 28,
2383-2386.

G. B. Evans, Aust. J. Chem., 2004, 57, 837-854.

R. A. Copeland, Methods Biochem. Anal., 2005, 46, 1-265.

G. A. Kicska, P. C. Tyler, G. B. Evans, R. H. Furneaux, W.
Shi, A. Fedorov, A. Lewandowicz, S. M. Cahill, S. C. Almo
and V. L. Schramm, Biochemistry, 2002, 41, 14489-14498.

G. A. Kicska, P. C. Tyler, G. B. Evans, R. H. Furneaux, K.
Kim and V. L. Schramm, J. Biol Chem., 2002, 277,
3219-3225.

S. Bantia, P. J. Miller, C. D. Parker, S. L. Ananth, L. L. Horn,
J. M. Kilpatrick, P. E. Morris, T. L. Hutchison, J. A.
Montgomery and J. S. Sandhu, Int. Immunopharmacol.,
2001, 1, 1199-1210.

V. Gandhi, Haematol. Rep., 2006, 35-37.

M.-C. Ho, W. Shi, A. Rinaldo-Matthis, P. C. Tyler, G. B.
Evans, K. Clinch, S. C. Almo and V. L. Schramm, Proc. Natl.
Acad. Sci. U. S. A., 2010, 107, 4805-4812.

S. T. Gebre, S. A. Cameron, L. Li, Y. S. Babu and V. L.
Schramm, J. Biol. Chem., 2017, 292, 15907-15915.

S. Bantia, P. J. Miller, C. D. Parker, S. L. Ananth, L. L. Horn,
Y. S. Babu and J. S. Sandhu, Int. Immunopharmacol.,
2002, 2, 913-923.

S. Bantia, S. L. Ananth, C. D. Parker, L. L. Horn and R.
Upshaw, Int. Immunopharmacol., 2003, 3, 879-887.

G. B. Evans, R. H. Furneaux, A. Lewandowicz, V. L.
Schramm and P. C. Tyler, J. Med. Chem., 2003, 46,
5271-5276.

E. Jaeger and J. H. Biel, J. Org. Chem., 1965, 30, 740-744.

K. Makino and Y. Ichikawa, Tetrahedron Lett., 1998, 39,
8245-8248.

S. U. Hansen and M. Bols, Acta Chem. Scand., 1998, 52,
1214-1222.

K. Clinch, G. B. Evans, R. H. Furneaux, D. H. Lenz, ]J. M.
Mason, S. P. H. Mee, P. C. Tyler and S. J. Wilcox, Org.
Biomol. Chem., 2007, 5, 2800-2802.

G. B. Evans, R. H. Furneaux, P. C. Tyler and V. L. Schramm,
Org. Lett., 2003, 5, 3639-3640.

A. Lewandowicz, P. C. Tyler, G. B. Evans, R. H. Furneaux
and V. L. Schramm, J. Biol. Chem., 2003, 278, 31465-31468.
S. Bantia, C. Parker, R. Upshaw, A. Cunningham, P. Kotian,
J. M. Kilpatrick, P. Morris, P. Chand and Y. S. Babu, Int.
Immunopharmacol., 2010, 10, 784-790.

S. E. Sattui and A. L. Gaffo, Ther. Adv. Musculoskeletal Dis.,
2016, 8, 145-159.

A. Lewandowicz, E. A. T. Ringia, L.-M. Ting, K. Kim, P. C.
Tyler, G. B. Evans, O. V. Zubkova, S. Mee, G. F. Painter,
D. H. Lenz, R. H. Furneaux and V. L. Schramm, J. Biol
Chem., 2005, 280, 30320-30328.

This journal is © The Royal Society of Chemistry 2018


http://dx.doi.org/10.1039/c8md00372f

Published on 28 August 2018. Downloaded by RSC Internal on 12/17/2018 11:20:40 AM.

MedChemComm

109 G. B. Evans, R. H. Furneaux, B. Greatrex, A. S. Murkin, V. L.
Schramm and P. C. Tyler, J. Med. Chem., 2008, 51, 948-956.

110 M. C. Ho, W. Shi, A. Rinaldo-Matthis, P. C. Tyler, G. B.
Evans, K. Clinch, S. C. Almo and V. L. Schramm, Proc. Natl.
Acad. Sci. U. S. A., 2010, 107, 4805-4812.

111 A. Al-Kali, V. Gandhi, M. Ayoubi, M. Keating and F.
Ravandi, Future Oncol., 2010, 6, 1211-1217.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Review

112 R. Dummer, M. Duvic, ]J. Scarisbrick, E. A. Olsen, S. Rozati,
S. M. Eggmann, K. Goldinger, L. Hutchinson, T. M. Geskin,
T. M. Illidge, E. Giuliano, J. Elder and Y. H. Kim, Ann.
Oncol., 2014, 25, 1807-1812.

113 C. M. Galmarini, IDrugs, 2006, 9, 712-722.

114 F. M. Foss, P. L. Zinzani, J. M. Vose, R. D. Gascoyne, S. T.
Rosen and K. Tobinai, Blood, 2011, 117(25), 6756-6767.

Med. Chem. Commun., 2018, 9, 1983-1993 | 1993


http://dx.doi.org/10.1039/c8md00372f

	crossmark: 


