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Abstract

Modern clinical treatments of childhood acute lymphoblastic leukemia (ALL) employ enzyme-
based methods for depletion of blood asparagine in combination with standard chemotherapeutic
agents. Significant side effects can arise in these protocols and, in many cases, patients develop
drug-resistant forms of the disease that may be correlated with up-regulation of the enzyme
glutamine-dependent asparagine synthetase (ASNS). Though the precise molecular mechanisms
that result in the appearance of drug resistance are the subject of active study, potent ASNS
inhibitors may have clinical utility in treating asparaginase-resistant forms of childhood ALL. This
review provides an overview of recent developments in our understanding of (a) the structure and
catalytic mechanism of ASNS, and () the role that ASNS may play in the onset of drug-resistant
childhood ALL. In addition, the first successful, mechanism-based efforts to prepare and
characterize nanomolar ASNS inhibitors are discussed, together with the implications of these
studies for future efforts to develop useful drugs.
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INTRODUCTION

The remarkable inverse correlation between the susceptibility of leukemia cells to drug
therapy and their capacity for intracellular asparagine biosynthesis was first described
almost forty years ago (1). This observation provides a rationale for the current widespread
use of L-asparaginase (ASNase) in chemotherapeutic protocols for treating childhood acute
Iymphoblastic leukemia (ALL) and some forms of acute myeloblastic leukemia (AML) (2—
7). The molecular basis for the therapeutic utility of ASNase remains ill defined (8),
although it is believed that normal and malignant lymphocytes depend on the uptake of
asparagine from circulating plasma for growth (9). ASNase therefore likely exerts its effects
indirectly by depleting asparagine in the blood, which is followed by an efflux of
cytoplasmic asparagine from leukemic blasts (1). The use of Escherichia coli ASNase as a
single agent leads to nearly complete remission in 40% to 60% of cases of ALL (10, 11),
and, in combination with vincristine and prednisone, increases the remission rate up to 95%
in cases of childhood ALL. Unfortunately, three factors limit the clinical utility of ASNase
in cancer therapy (8, 12). First, the treatment produces a wide variety of side effects,
including immunosuppression and pancreatitis (13, 14). Second, 10% to 12% of patients
who achieve remission suffer a relapse with tumors that are resistant to further ASNase
therapy (5, 14-16). Finally, ASNase administration may enhance the growth of resistant
tumors and increase their metastatic activity (10, 17). The molecular basis of ASNase
resistance, which is a major clinical problem, remains poorly understood despite a
significant amount of ongoing research (8, 18). Because ASNase sensitivity in tumors
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cannot yet be predicted reliably, the major use of this enzyme remains confined to the
treatment of childhood ALL, despite estimates that 5-10% of all solid tumors may be
sensitive to therapies based upon the depletion of blood asparagine (16).

Human asparagine synthetase (ASNS) catalyzes the biosynthesis of .-asparagine from -
aspartate in an ATP-dependent reaction for which t-glutamine is the nitrogen source under
physiological conditions (Scheme 1) (19). Recent work has demonstrated the importance of
ASNS overexpression in conferring ASNase resistance in cell lines (20), and several lines of
evidence suggest that inhibiting ASNS activity represents a viable strategy for treating
ASNase-resistant leukemias in the clinic (1, 8, 21). Early large-scale screening studies
employing a range of substrate and product analogs failed, however, to identify potent and
selective ASNS inhibitors (22, 23). In part, the failure of these efforts reflected a lack of
detailed knowledge concerning the structure of human ASNS and its functional role in
cellular metabolism. Considerable progress has been made in all of these areas over the past
few years, and several recent advances have set the stage for the identification and
characterization of the first nanomolar inhibitors of human ASNS (24). This review provides
an overview of recent developments in understanding (a) the structure and catalytic
mechanism of ASNS, and () the role that ASNS plays in the onset of drug-resistant ALL.
In addition, the molecular principles that have been employed to discover and characterize
two potent classes of ASNS inhibitors are outlined, together with the implications of these
studies for future efforts to develop clinically useful drugs against ASNase-resistant
leukemia. Additional information, especially pertaining to the catalytic mechanism of
ASNS, can be found in a previous review (19).

STRUCTURE AND MECHANISM OF ASPARAGINE SYNTHETASE

The use of rational, structure-based methods for obtaining small molecule enzyme inhibitors
requires a detailed understanding of critical transition states and reaction interme diates that
are bound tightly by the enzyme during catalysis. In addition, the identification of active site
residues that have functional roles in the catalytic mechanism provides a set of “contact
points” that can be exploited in inhibitor design because mutation of these residues will
generally lead to loss of function in the protein. We therefore begin this review with an
overview of ASNS structure and catalytic mechanism.

Structure of Asparagine Synthetase

The detailed kinetic and structural characterization of ASNS from mammalian sources
historically proved to be difficult because of both reported low abundance and instability of
the native enzyme during purification (25-29). In addition, only small amounts of
recombinant, wild-type human ASNS could be obtained in a variety of early expression
systems, the enzyme being purified to homogeneity using an affinity chromatography
protocol (30-32). Access to recombinant human enzyme, albeit in small quantities, in these
experiments did permit limited insights into properties such as substrate specificity (31, 32).
As a result, until the very recent development of an efficient expression system for human
ASNS (vide infra) (33), procedures for obtaining large amounts of the glutamine-dependent
ASNS (AS-B) encoded by the asnB gene in Escherichia coli (34) were essential to detailed
investigations of the structure and mechanism of the enzyme.

The C1A mutant of AS-B, in which the N-terminal cysteine residue is substituted by
alanine, exhibits no glutamine-dependent activity (19) but retains substantial affinity for 1-
glutamine (Kp of approximately 6 pM). Therefore this AS-B mutant could be crystallized as
its ternary complex with glutamine and AMP, and the crystal structure of the complex
determined to a resolution of 2.0A (Figure 1a) (35). As expected on the basis of sequence
alignment (36), and experimental studies of bovine ASNS using monoclonal antibodies (37),
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this structure showed that glutamine-dependent ASNS is composed of two distinct domains,
each containing a separate catalytic site. The N-terminal domain of the enzyme has a tertiary
structure that is observed in members of the N-terminal amidohydrolase (Ntn) enzyme
superfamily (38, 39), which mediates a number of biologically important hydrolytic
reactions (40—42). The N-terminal active site therefore catalyzes glutamine hydrolysis to
yield glutamate and ammonia, and glutamine-dependent ASNS is classified as a Class II, or
Ntn, amidotransferase (43). Other Ntn amidotransferases possessing structurally
homologous glutamine-hydrolyzing domains include glutamine 5’-phosphoribosyl-1-
pyrophosphate amidotransferase (GPATase) (43, 44) and glutamine fructose-6-phosphate
amidotransferase (GFAT) (45, 46), which both play important functions in cellular
metabolism. The mechanism of ASNS-catalyzed glutamine hydrolysis is discussed in detail
elsewhere (19, 43). The complex three-dimensional fold of the C-terminal domain of AS-B
is similar to that observed in ATP pyrophosphatases (47), an enzyme superfamily that
includes guanosine-5"-monophosphate synthetase (GMPS) (48), argininosuccinate
synthetase (49), ATP sulfurylase (50), carbapenam synthetase (51), p-lactam synthetase
(BLS) (52, 53), and Thil (54). Because all ATP pyrophosphatases convert ATP to AMP, the
C-terminal active site of ASNS likely catalyzes activation of the side-chain carboxylate of
aspartate to form an electrophilic intermediate, B-aspartyl-AMP (BAspAMP) 1, and
inorganic pyrophosphate (PP;) (Scheme 2) (28, 55). As observed in other glutamine-
dependent amidotransferases (44, 46, 56-61), the two active sites of AS-B are linked by a
solvent-inaccessible, intramolecular “tunnel” that is sufficiently wide to allow passage of an
ammonia molecule (Figure 1) (62). Glutamine-dependent asparagine production is
therefore accomplished using ammonia as a common intermediate to couple the two “half-
reactions” carried out in the independent active sites of the enzyme. Thus, after being
released in, and channeled from, the glutaminase site, a molecule of ammonia attacks bound
BAspAMP 1 to give asparagine and AMP via a tetrahedral intermediate (Scheme 2).

Kinetic Mechanism of Asparagine Synthetase

Given that all Ntn amidotransferases share a common N-terminal glutaminase domain, the
development of selective ASNS inhibitors requires that they be targeted against the C-
terminal, synthetase active site. As a result, recent work in this area has been concerned with
obtaining a detailed understanding of (a) the steady-state kinetic mechanism for glutamine-
dependent asparagine production (55, 63, 64), and (b) critical intermolecular interactions
that play a role in mediating the synthesis of BAspAMP and its subsequent reaction with
ammonia (Scheme 2). Although the general properties of ASNS from a variety of sources
appear very similar, many different kinetic mechanisms have been proposed for their
glutamine-dependent synthetase activity (65-67). As a result, it is only recently that a
consensus has begun to emerge on the general details of substrate binding order and product
release, particularly because kinetic analysis of ASNS-catalyzed asparagine formation is
complicated by the high glutaminase activity of the enzyme. Steady-state experiments on
AS-B (55), in combination with isotope partitioning techniques (68) and measurements of
product stoichiometry, gave rise to an initial hypothesis that BAspAMP formation commits
the enzyme to asparagine synthesis. Such a proposal is analogous to the kinetic mechanism
of certain aminoacyl tRNA synthetases in which an acyl-AMP intermediate is synthesized
prior to interaction of the enzyme with uncharged tRNA (69, 70). The question of when
glutamine or ammonia binds to AS-B was experimentally unresolved in these studies,
however (55), and it was proposed that glutamine (and therefore ammonia) binds to the
E.BAspAMP complex after PP; release. If correct, this order of catalytic events implies that
BAspAMP must be stabilized within the synthetase site so as to prevent futile ATP
hydrolysis prior to binding of the nitrogen source for asparagine production. On the other
hand, numerical simulations (71) showed that the original kinetic model for AS-B (55) was
inconsistent with the dependence of the glutamate/asparagine ratio upon glutamine
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concentration at saturating levels of ATP and aspartate. In addition, and as observed for
other glutamine-dependent amidotransferases (36, 72), ASNS does not catalyze ATP/PP;
exchange (55). A new kinetic model has been recently developed that appears consistent
with all known experimental data for the bacterial enzyme (63). Hence, in addition to
suggesting that BAspAMP formation commits the enzyme to asparagine synthesis, implying
that ammonia transfer from the N-terminal domain through the intramolecular tunnel is
totally efficient, the model provides evidence for the hypothesis that glutamine can bind to
the E.Asp.ATP ternary complex to yield a quaternary complex from which glutamate and
ammonia can be released. Thus, coordination of catalytic activity in the two active sites of
AS-B during glutamine-dependent asparagine synthesis appears to be remarkably small
prior to BAspAMP formation, which is in sharp contrast to the coupling of glutaminase and
synthetase activities seen for other Ntn glutamine-dependent amidotransferases (73—75). The
lack of ATP/PP; exchange has been rationalized by assuming that PP; is released as the final
product from the enzyme. Although this conclusion is supported by crystal structures of the
BLS/CMA-AMP/PP; and BLS/DGPC/PP; complexes (53), and structural models for the AS-
B/BAspAMP/PP; complex (vide infra) in which PP; is located deep in the active site cleft
covered by the other ligands, PP; release is reported to occur prior to glutamine binding for
Vibrio cholerae ASNS (64). Whatever the timing of product release, the latest kinetic model
(63) supports the hypothesis that ASNS must bind BAspAMP with high affinity, raising the
possibility that stable analogs of this intermediate might be potent ASNS inhibitors. In
addition, it seems likely that the enzyme also stabilizes the transition state for addition of
ammonia to BAspAMP 1 (Scheme 2). As a consequence, compounds that mimic this
transition state may also have significant potential as clinically useful drugs (76, 77).

ASPARAGINE SYNTHETASE AND DRUG-RESISTANT LEUKEMIA

Children with acute lymphoblastic leukemia (ALL) are treated with a multidrug regimen
that includes the enzyme L-asparaginase (ASNase). Although modern therapeutic protocols
lead to remission rates of greater than 80%, relapse and drug resistance remain a problem.
Consequently, the relationship between the expression of the ASNS and development of
ASNase resistance is of interest from the viewpoint of both metabolic regulatory
mechanisms and development of new therapeutic strategies.

Asparagine Synthetase Expression and the Cell Cycle

Basilico and colleagues determined that ASNS could complement temperature-sensitive
hamster BHK #s/7 cells, which are specifically blocked in progression through the G; phase
of the cell cycle when grown at the nonpermissive temperature (78, 79). Those authors
showed that because of a point mutation in the ASNS gene, at the nonpermissive
temperature, the BHK #s/7 cells produce an inactive enzyme (79). This loss of ASNS
activity leads to cell cycle arrest, as a consequence of a depletion of cellular asparagine, and
a corresponding increase in ASNS mRNA due to regulatory mechanisms described below.
Both of these effects could be reversed by the addition of exogenous asparagine to the cells
maintained at the nonpermissive temperature. A link between asparagine content and the cell
cycle is illustrated by several additional observations. For example, ASNS mRNA
expression was substantially increased during the G; phase of the cell cycle by refeeding
serum-deprived Balb/c 3T3 cells. After serum repletion, ASNS mRNA was induced, but the
addition of asparagine to the culture medium could prevent the induction (80). Hongo et al.
(81) showed that ASNS activity is induced during lymphocyte activation by
phytohemagglutinin, and the increase in activity coincides with the rate of DNA synthesis.
Likewise, Cirafici (82) showed that thyroid-stimulating hormone treatment of quiescent rat
thyroid cells causes entry into the S phase and there was a concurrent increase in ASNS
mRNA content. Collectively, these observations suggest that ASNS expression is linked to
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cell growth and ASNS mRNA content is controlled in accordance with changes in the cell
cycle.

Amino Acid Control of ASNS Gene Transcription

Amino acids are known to modulate a number of fundamental processes in mammalian
cells, especially with regard to the “central dogma” of DNA to RNA to protein (83).
Although circulating amino acids and intracellular protein turnover both act to buffer cells
from variations in dietary protein/amino acid intake, fluctuations in the intracellular levels of
individual amino acids do occur in response to diet, disease, and metabolic status. In this
context, amino acids serve as signal transduction messengers to transmit the nutritional
status of the entire organism to individual cells. One of the mechanisms by which amino
acids mediate this signaling is altered transcription for specific genes via a signal
transduction process referred to as the amino acid response (AAR) pathway. Detection of a
limiting amount of any single amino acid has been linked to a ribosome-associated kinase,
GCN2, that binds and, therefore, monitors the level of uncharged tRNAs (84-86).
Starvation-activated GCN2 phosphorylates the eukaryotic initiation factor elF-2a and, as a
consequence, global translation initiation is suppressed. However, certain mRNAs that
contain short upstream open reading frames exhibit increased translation under amino acid
limiting conditions. An example in yeast is the transcription factor GCN4 (84), which has
been reported to alter the transcription rate of several hundred genes in response to amino
acid limitation (87). The mammalian counterpart to yeast GCN4 appears to be the basic
leucine zipper (bZIP) transcription factor ATF4. The translation of pre-existing ATF4
mRNA is rapidly increased following amino acid deprivation (88-90), and ATF4 protein has
been shown to mediate the increased transcription of AAR pathway target genes, including
ASNS (91, 92).

Gong et al. (93) were the first to determine that ASNS mRNA content increased in cells
deprived of amino acids, and subsequently, Hutson & Kilberg (94) also demonstrated
increased ASNS mRNA content following total amino acid deprivation or depletion of a
single essential amino acid. In this circumstance, the definition of “essential amino acid”
must be considered in the context of individual cell types rather than the entire organism.
Guerrini et al. (95) analyzed the ASNS gene and determined that an amino acid response
element (AARE) was present in the promoter. In vivo footprinting by Barbosa-Tessmann et
al. (96) identified five protein binding sites within the ASNS proximal promoter region that
contribute to nutrient control of the human ASNS gene, three GC-rich sequences (GC-I, GC-
I, and GC-III) and two sequences, originally labeled sites V and VI, and later renamed
Nutrient Sensing Response Elements (NSRE-1, NRSE-2). The GC-rich sites are necessary
to maintain the basal transcription rate and to permit maximal activation of the ASNS gene
by the AAR pathway (97). Interestingly, expression of either Sp1 or Sp3 in Drosophila SL.2
cells supported basal ASNS promoter activity, but only Sp3 expression permitted the
starvation-induced ASNS-driven transcription. The location of the NSRE-1 footprint
overlapped with the sequence identified by Guerrini et al. (95). Mutagenesis confirmed the
presence of a second AARE, NSRE-2 (5'—GTTACA—3', nt —48 to —43), positioned eleven
nucleotides downstream of NSRE-1. Mutagenesis studies have documented that these two
elements must be aligned on the same side of the DNA helix and only one turn away from
each other (98), presumably to permit protein-protein interactions that occur between the
transcription factors that bind to these two sites. Barbosa-Tessmann et al. (96, 99)
demonstrated that both NSRE-1 and NSRE-2 were required for activation of the human
ASNS gene following activation by either the AAR pathway or an ER stress pathway
referred to as the unfolded protein response (UPR). Experimentally, the UPR pathway is
often activated by conditions that perturb ER calcium levels (thapsigargin treatment) or
conditions that cause accumulation of misfolded glycoproteins (glucose starvation or
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tunicamycin treatment). Electrophoresis mobility shift analysis (EMSA) experiments
revealed increased nuclear protein binding to the ASNS NSRE-1 binding site (5’-
TGATGAAAC-3’, nt —68 to —60) when extracts from either amino acid (AAR pathway) or
glucose-deprived (UPR pathway) cells were tested (96). This broader nutrient detecting
capability is the reason that the ASNS sites are referred to as nutrient-sensing response
elements (NSRE), rather than solely as an AARE.

The binding proteins for the NSRE-2 site have not yet been identified, whereas progress has
been made in identifying those for NSRE-1. In vitro binding analysis by EMSA revealed
ATF4 binding to the NSRE-1 sequence that was increased when nuclear extracts from either
histidine-deprived (AAR pathway) or glucose-deprived (UPR pathway) cells were tested
(91). Consistent with translational control of ATF4 production following activation of the
AAR pathway, the inhibition of protein synthesis blocked the starvation-dependent
enhancement of ATF4/NSRE-1 complex formation. ATF4-dependent regulation of ASNS
expression in vivo was suggested by the observation that ASNS promoter-driven
transcription was induced by ATF4 overexpression (91, 92). Subsequently, chromatin
immunoprecipitation (ChIP) analysis documented that there is increased ATF4 binding to
the ASNS promoter in vivo following amino acid deprivation (92).

A survey of bZIP transcription factors by both EMSA experiments that ATF3 (91, 100) and
C/EBPP (101) also exhibited affinity for the ASNS NSRE-1 site and transient expression
showed that both can modulate transcription driven by the ASNS promoter. Transient
expression studies using combinations of ATF4, ATF3, and C/EBPp then implied that ATF3
serves as the primary antagonist to ATF4 function (92, 102). Consistent with this
hypothesis, Fawcett et al. (103) used nuclear extracts from arsenite-treated cells in EMSA
studies to show a transient increase in ATF4 binding activity with affinity for a cis-element
in the human C/EBP homology protein (CHOP) promoter referred to as a C/EBP-ATF
composite site. ATF4 binding activity peaked at 2 h after arsenite exposure, but that activity
was subsequently replaced at about 6 h by elevated ATF3 binding activity, a time at which
the elevated transcription rate from the gene was declining back toward the basal rate. Those
authors also used overexpression studies to document that elevated ATF4 activates the
CHOP gene through the C/EBP-ATF composite site and that increased ATF3 production
antagonizes the ATF4 function. The CHOP sequence (5'-TGATGCAAT-3") that Fawcett et
al. (103) identified is only two nucleotides different than the ASNS NSRE-1 site, which is
also a C/EBP-ATF composite site. Chen et al. (92) extended the observations of Fawcett et
al. (103) by showing through ChIP analysis that a similar sequence of events, i.e., activation
via ATF4 and subsequent antagonism by ATF3, can be observed in vivo at the ASNS
NSRE-1 site.

Based on the in vivo ChIP analysis, Chen et al. (92) have proposed a working model for
ASNS transcription that describes two distinct phases in response to amino acid limitation
(Figure 2). Phase I encompasses the first 4 h after amino acid withdrawal and phase II
covers the time from 4-24 h. Within 30 min of amino acid depletion, translational control of
ATF4 mRNA results in increased de novo synthesis and subsequent binding of ATF4 to the
NSRE-1 site (92). In parallel with ATF4 binding, acetylation of histones H3 and H4 is
increased and the general transcription factors TBP and TFIIB, as well as RNA polymerase
II, are recruited to the promoter. It is assumed that the ATF4 complex requires a coactivator
and/or other bridging proteins to the general transcription machinery, which are shown as
gray modules in the model (Figure 2). During phase I of amino acid deprivation, a low level
of C/EBP is constitutively bound to the ASNS promoter, whereas in phase II, C/EBPP de
novo synthesis and subsequent binding increases at a time when the transcription rate has
peaked. Likewise, the synthesis and action of ATF3 also increases during this period (92). It
is proposed that ATF3 and C/EBPf act in concert to suppress, but not to completely reverse,
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the increased ASNS transcription during phase II, such that even out to 24 h of amino acid
deprivation, transcription remains elevated relative to the status of the gene in amino acid-
complete medium (92).

Asparagine Synthetase Expression and Asparaginase Therapy of Childhood ALL

Cancer cells exhibit rapid growth and cell division, and therefore have an increased
nutritional need. Consequently, therapies have been developed to take advantage of this
dependency on circulating nutrients in those cases where critical enzymes are either not
expressed at sufficient levels or can be selectively inhibited. As mentioned above, childhood
ALL is treated using a combination of chemotherapeutic drugs that include the enzyme
ASNase (8, 13, 104, 105). The logic of ASNase therapy is that by delivering ASNase to the
bloodstream plasma asparagine is quickly depleted causing a rapid efflux of cellular
asparagine, which is also destroyed, and thus, the cells of the entire body are depleted of
asparagine. Most cells express sufficient ASNS to counteract this asparagine starvation and
survive, but in general, childhood ALL cells express ASNS at a low level, and therefore,
treatment with ASNase is extremely effective in blocking growth of this particular form of
leukemia. The bacterially derived ASNase enzymes currently used clinically also have an
inherent glutaminase activity that is about 2% to 3% of the ASNase activity (19). As a
result, because r-glutamine is the nitrogen donor for the ASNS-catalyzed reaction (see
above), the depletion of this amino acid may also play a role in ASNase action (92).

Hutson et al. (108) showed that exposure to ASNase of a cultured human ALL-derived cell
line, MOLT-4, can result in selection for a population of ALL cells that are drug resistant
(107). Whether or not these resistant cells exist within the parental population or if they are
induced by ASNase treatment is not yet known. Aslanian & Kilberg (109) documented that
many adaptive changes occur in the ASNase-resistant cells to alter amino acid transport and
metabolism (Figure 3). Collectively, these changes appear to support increased asparagine
biosynthesis by increasing the intracellular levels of the ASNS substrates aspartate and
glutamine, and by enhancing uptake of asparagine and glutamine via secondary active Na*-
dependent transporters (109). For example, the enzymatic activity of glutamine synthetase is
increased, presumably by a post-transcriptional mechanism, as glutamine synthetase mRNA
is not changed. The ASNase-resistant cells also exhibit reduced efflux of asparagine via
Nat-independent transporters. These drug-resistant MOLT-4 cells express elevated levels of
ASNS mRNA and protein (108, 109), which Aslanian et al. (20) demonstrated remain
elevated, even after removal of the ASNase from the culture medium for 6 weeks or more.
In a result consistent with these observations it was also established that ASNase resistance,
analyzed by cell growth or apoptosis following a drug challenge, was not completely
reversible following long-term culture in the absence of ASNase (20). The relationship
between ASNase resistance and increased ASNS expression had been noted before in non-
ALL cell types (15, 110, 111), leading to the assumption that resistance to this particular
drug was the result of a compensatory increase in ASNS expression. However, it was
possible that elevated ASNS was a consequence of ASNase resistance rather than the cause.
To establish which of these hypotheses was true, Aslanian et al. (20) showed that over-
expression of ASNS in the ASNase-sensitive parental MOLT-4 cells caused these cells to
acquire the ASNase-resistant phenotype without drug selection, thus proving that elevated
ASNS levels alone are sufficient to generate drug resistance.

Despite these cell culture studies, microarray analyses and JPCR quantification of ASNS
mRNA have illustrated that the relationship between AS expression and the manifestation of
ASNase resistance in primary cells of childhood ALL patients is more complicated. For
example, Holleman et al. (112) showed that in vitro resistance to ASNase was correlated
with elevated ASNS expression, as assayed by array analysis of primary isolates of ALL
cells. In contrast, Fine et al. (113) observed a similar correlation between high expression of
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ASNS and increased ASNase resistance in a collection of 16 different ALL-derived cultured
cell lines, but that relationship did not hold true when primary ALL cells were tested in vitro
for their ASNS mRNA content and sensitivity to ASNase. Among the ALL genetic
subtypes, those cells with a t(12;21) chromosomal translocation, which leads to synthesis of
a TEL/AMLI fusion protein (114), or those with hyper-diploidy, are more sensitive to
ASNase (115, 116). Stams et al. (117) hypothesized that TEL/AMLI1(+) cells are more
sensitive to ASNase because the fusion protein, which functions as a transcriptional
repressor, may inhibit the expression of ASNS. Surprisingly, they observed that the TEL/
AMLI1(+) cells contained a fivefold higher amount of ASNS mRNA compared to TEL/
AMLI(-) cells, a result consistent with the data of Krejci et al. (118). Furthermore, Stams et
al. (117) discovered that in the TEL/AMLI1(+) cells there was no correlation between ASNS
mRNA content and the in vitro sensitivity to ASNase. Interestingly, those authors went on to
show that even though the TEL/AML1(-) ALL cells are less sensitive to ASNase, there is
an inverse correlation between ASNS mRNA expression and drug sensitivity in vitro (119).
Given that 78% of childhood ALL patients are TEL/AML1(-) (120), it is important to gain a
further understanding of the relationship between ASNS expression and ASNase action.
Collectively, the results obtained with patient samples show that we still do not fully
understand the mechanisms of ASNase action and the development of drug resistance.

SYNTHESIS AND CHARACTERIZATION OF ASPARAGINE SYNTHETASE
INHIBITORS

The need for cell-permeable, small molecules capable of inhibiting cellular ASNS in a
potent and highly selective manner was recognized almost 40 years ago by the pioneers who
developed L-ASNase-based protocols for the treatment of ALL (1). Even so, efforts to
obtain such compounds were sporadic, perhaps because a lack of definitive evidence to
support the hypothesis that ASNS overexpression really was a primary cause of drug-
resistant ALL. As is evident from the previous section of this review, dissecting the cellular
mechanisms that underpin the onset of refractory leukemia cells remains a complicated
problem that has still not clarified this question. The increased knowledge of ASNS
structure and mechanism has rekindled interest in the synthesis of transition state analogs,
which might not only be clinically useful compounds but also tools for establishing the
relevance of ASNS overexpression to drug resistance.

Evidence Supporting the Clinical Utility of Asparagine Synthetase Inhibitors

In the absence of small molecule inhibitors, preliminary evidence supporting the hypothesis
that specific inhibitors of human ASNS have potential clinical utility in treating ASNase-
resistant ALL and related leukemias was provided by electroporation studies involving
delivery of anti-ASNS monoclonal antibodies to ASNase-resistant mouse L5178Y D10/R
cells (21). Parental L5178 cells, derived from a murine leukemia cell line (121), have nearly
undetectable ASNS activity and therefore their growth is dependent on the presence of
asparagine in the external medium. In contrast, an ASNase-resistant subclone (D10/R) did
not require extracellular asparagine because there was a high level of ASNS-catalyzed,
intracellular asparagine production. Two mouse monoclonals (3F3 and 2B4) raised against
native, bovine ASNS (122), were tested for their ability to inhibit the enzymatic activity of
cellular ASNS using extracts from the L5178Y D10/R cells (21). Although both antibodies
were able to recognize and bind to ASNS, only the 3F3 monoclonal could inhibit asparagine
production in the cell extracts. This monoclonal antibody was therefore electroporated into
the ASNase-resistant D10/R cells to evaluate whether suppressing ASNS activity could slow
growth in the absence of extracellular asparagine. After establishing that there was no
intracellular degradation of the heavy chains of the electroporated antibodies, cells that
incorporated the antibody 3F3 were shown to require exogenous asparagine for growth.
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These experiments suggested that the effect of 3F3 was specifically caused by blocking the
action of ASNS, its target enzyme (21). Subsequent controls demonstrated that both
ASNase-sensitive and -resistant L5178Y cells contained immunoreactive material, and that
the observations on the electroporated DR10/Y cells were not associated with genomic
alterations in the form of translocations, gene amplification, or increased P-glycoprotein.

Using Structural Homology and Chemical Constraints to Model the Synthetase Active Site

Unfortunately for efforts to employ rational, structure-based strategies to discover potent,
selective ASNS inhibitors that resemble BAspAMP or the transition state for ammonia
addition, disorder in the C-terminal domain of the C1A/GIn/AMP complex does not permit
observation of two loop regions (Ala-250 to Leu-267 and Cys-422 to Ala-426) and the final
forty C-terminal residues of the enzyme by X-ray crystallography (35). Insight into the
structure(s) of the ASNS synthetase site during catalytic turnover, and the potential role of
residues involved in aspartate activation and ammonia addition, has been obtained, however,
by recognizing the striking chemical similarity of the reactions employed to synthesize
asparagine from aspartic acid and a functionalized B-lactam from the adenylated form of N
(carboxyethyl)-i-arginine (CEA) 2 (Scheme 3) (123, 124). Thus, the enzyme BLS, which is
found in the biosynthetic pathway leading to the important secondary metabolite clavulanic
acid (125), activates its substrate by forming an AMP derivative in which the carbonyl group
is attacked intramolecularly by a nitrogen nucleophile. In agreement with modern models for
enzyme evolution (126, 127), the common ancestry of ASNS and BLS is evident from the
degree of similarity in their three-dimensional structures (Figure 4), and the catalytic
machinery for substrate activation by adenylation is highly conserved in both enzymes. For
example, the contiguous segment SGGLDSS in AS-B, which binds to PP; during substrate
adenylation, is also present in BLS. Using the crystal structure of a ternary complex between
BLS, CEA and AMPCPP (an unreactive ATP analog), MgATP could be positioned within
the synthetase site of AS-B. This initial model was then used to build a quaternary complex
(C1A/GIn/Asp/MgATP) in which aspartate was placed in an analogous location within the
protein to that observed for CEA in the BLS/CEA/AMPCPP crystal structure. This modeling
exercise was facilitated by assuming two chemical constraints. First, by analogy to the
chemistry of aminoacyl tRNA synthetases, attack of the side-chain carboxylate of bound
aspartate on the a-phosphate of ATP likely proceeds via in-line attack with inversion at the
phosphorus atom (Scheme 2) (128). Second, studies with non-natural, conformationally
constrained aspartate analogs, prepared using the diastereoselective alkylation of r-aspartate
diester derivatives (129, 130), demonstrated that the polar functional groups are located on
one face in the bound conformation of aspartate (131). After refinement using constrained
molecular dynamics (MD) simulations (132) in combination with simulated annealing
algorithms (133), and subsequent energy minimization, the resulting model was then
modified by connecting the side-chain carboxylate of aspartate to the a-phosphate of the
ATP moiety to form the BAspAMP intermediate. In this model, PP; was positioned over the
pyrophosphatase loop region of the enzyme so that (a) the hydrogen bonding interactions
with the enzyme corresponded to those observed in the GMPS/AMP/PP; crystal structure
(48), and (b) noncovalent interactions with the active site Mg2+ ion were maintained.
Further MD refinement and energy minimization then gave a computational model for the
AS-B/BAspAMP/PP; complex (Figure 5), which was checked for consistency with the
results of mutagenesis and kinetic studies employing AS-B (19, 34, 131, 134-136).
Importantly for inhibitor development, we were able to identify completely conserved
residues having side chains positioned within 5 A of either BAspAMP or PP;. It is therefore
likely that these residues have key functional roles in aspartate binding, acyl-AMP
formation, and catalyzing the attack of ammonia on BAspAMP, although experiments
testing this hypothesis have not yet been published.
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Sulfonamide Derivatives as Inhibitors of Human Asparagine Synthetase

Early studies employing a variety of glutamine, ATP, and aspartic acid analogs failed to
identify compounds exhibiting significant in vivo or in vitro activity against ASNS (22, 23).
Aromatic sulfonylfluoride derivatives of glutamine and asparagine also failed to inhibit
ASNS (137), and observations suggesting that cineoles, a group of monoterpenes isolated
from the essential oils of aromatic plants (138), inhibit asparagine production in various
plant tissues (139) have proven difficult to reproduce (140). Progress, however, (a) obtaining
multi-milligram amounts of human ASNS from a baculovirus-based expression system (33),
(b) determining the high-resolution, three-dimensional structure of the bacterial enzyme AS-
B (35), and (¢) recognizing that aminoacyl tRNA synthetases are targets for new
antibacterial and antifungal drugs (141-143) stimulated renewed efforts by Richards and
coworkers to obtain potent, small molecule ASNS inhibitors (24, 144). For example, the
antibiotic mupirocin 3 (Figure 6) exerts its action by selectively inhibiting prokaryotic
isoleucyl-tRNA synthetases (145, 146), and phosmidosine 4 (Figure 6) (147, 148) likely
inhibits prolyltRNA synthetase by effectively mimicking the acyladenylate intermediate
formed by this enzyme. These findings therefore resulted in the development of efficient
synthetic routes for preparing chemically stable analogs of acyladenylates (148—150) in the
expectation that such compounds will exhibit antibacterial activity coupled with low
mammalian toxicity (151, 152). In light of these studies (145-150), B-asparaginyladenylate
5 (Figure 6) was synthesized (153) and proved to have micro-molar affinity for the bacterial
enzyme ASB (S.K. Boehlein, J.-Q. Wang, Y. Ding, N.G.J. Richards & S.M. Schuster,
unpublished results). The relatively lengthy synthetic route to obtain this compound and the
presence of a charged phosphoamidate functional group argue against its likely clinical
utility. In addition, the coupling reaction was insufficiently robust for use in constructing
molecular libraries that could be assayed for ASNS inhibitory activity using modern high-
throughput screening methods (154-157).

Given that NM-acylsulfonamide derivatives are high-affinity, slow-binding inhibitors of
isoleucyl-tRNA synthetases (158-160) and have “drug-like” physical properties (161, 162),
a sulfonamide analog of the BAspAMP intermediate (6) (Figure 6) was also prepared and
characterized for its ability to inhibit recombinant, wild-type human ASNS (24). These in
vitro experiments clearly showed that sulfonamide derivative 6 is a slow-onset, tight-binding
inhibitor that interacts with the free enzyme, and revealed the importance of carboxyl and
amino groups in the recognition and binding of this class of BAspAMP analog. These
observations are consistent with the computationally-derived model of the ASB/BAspAMP/
PP; complex (Figure 35). Detailed steady-state kinetic analysis using standard models (163)
revealed the Ky* value for 6 to be approximately 700 nM, making this compound the first
submicromolar ASNS inhibitor identified in the literature.

A Nanomolar Inhibitor of Human Asparagine Synthetase

Perhaps the most important progress toward the discovery of potent inhibitors of glutamine-
dependent ASNS has been obtained from recent work employing the adenylated sulfoximine
7 (Figure 6). The conceptual impetus for synthesizing and characterizing this compound was
the observation that methionine sulfoximine 8 (Figure 6) is a potent inhibitor of glutamine
synthetase (164). Thus, this natural product binds to the enzyme in the glutamate site (165,
166) where it undergoes phosphorylation to yield the sulfoximine phosphate derivative 9
(167), which was proposed to be an analog for the transition state formed during the attack
of ammonia on y-glutamylphosphate 10 (Figure 6) (168). This interesting example of a
mechanism-based inhibitor therefore stimulated the synthesis of the analogous sulfoximine
11 (Figure 6) from homocysteine with the goal of obtaining a potent inhibitor of ammonia-
dependent asparagine synthetases (169), a class of enzymes that, to date, have only been
found in prokaryotes (170, 171). On this point, we note that there is no evolutionary
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relationship of glutamine- and ammonia-dependent asparagine synthetases, the latter family
being related to aminoacyl tRNA synthetases (172, 173). Incubation of 11 with AS-A, the
ammonia-dependent ASNS isolated from Escherichia coli (174, 175), however, showed that
this compound was a poor (millimolar) inhibitor because it was not adenylated when bound
within the synthetase active site. A synthetic route to the required adenylated sulfoximine
was therefore developed by Hiratake and coworkers, yielding the target compound as a
mixture of diastereoisomers (7a and 7b) (Figure 6) at the sulfur center (169). Not only did
this mixture prove to exhibit potent inhibition of AS-A (169) but it was also shown to be a
slow-onset inhibitor of the glutamine-dependent AS-B when the bacterial enzyme was
undergoing catalytic turnover (144). Although, at first sight, it may be difficult to see why
this compound should resemble the transition state for ammonia addition to the BAspAMP
intermediate, semiempirical quantum mechanical (QM) calculations (N.G.J. Richards,
unpublished results), using the PM3 parameter set (176), clearly show that the methyl group
in the sulfoximine moiety is electron deficient, giving a significant positive electrostatic
potential about the three hydrogen atoms. The methyl group therefore resembles the steric
and electrostatic properties of ammonia in the transition state for CN bond formation (Figure
7). This analysis is supported by the observation that an aspartate side chain is positioned
close to the methyl group of 7b in the X-ray crystal structure of its complex with AS-A
(169).

Incubation of 7, as the diastereoisomeric mixture 7a and 7b, with recombinant, wild-type
human ASNS at various ATP concentrations, showed this compound to be a potent, slow-
onset, tight-binding inhibitor of the enzyme in vitro. Use of standard mathematical models
(163) gave values for the constants Ky and K;* of 285 nM and 2.5 nM, respectively, making
the adenylated sulfoximine the most potent inhibitor of the human enzyme reported to date
(J.A. Gutierrez & N.G.J. Richards, unpublished results). In common with many other tight-
binding inhibitors (177, 178), the adenylated sulfoximine 7 binds to the free form of the
human enzyme, and reactivation and mass spectrometric experiments have demonstrated
that it does not covalently modify ASNS. Efforts to cocrystallize the recombinant, human
ASNS with 7 (albeit using the diastereoisomeric mixture) have failed, however, to yield
crystals suitable for high-resolution X-ray structure determination. Because all kinetic
experiments were performed using a 1:1 mixture of the sulfoximine diastereoisomers 7a and
7b (Figure 6), and given that residues defining the synthetase site are completely conserved
throughout the glutamine-dependent ASNS family, computational docking methods (179,
180) were used to position each of diastereoisomeric adenylated sulfoximine derivatives into
the working model of the AS-B/BAspAMP/PP; complex (N.G.J. Richards, unpublished
results). After constrained MD-based refinement, as described above, only diastereoisomer
7b could be positioned such that its methyl substituent was positioned correctly relative to
the C-terminal end of the ammonia channel (Figure 8). In addition, the side chain of Glu-348
(AS-B numbering), which is conserved in the primary structures of known asparagine
synthetases, was positioned adjacent to the electron-deficient methyl group of the docked
inhibitor in the model, suggesting that this residue might function as a general base to
deprotonate ammonia in the transition state leading to the tetrahedral adduct (Scheme 2). In
efforts to validate the computational model of the AS-B/7b active site complex, site-specific
AS-B mutants were prepared in which this residue was replaced by aspartate (E348D) and
alanine (E348A), and assayed for their ability to form asparagine and PP;. In contrast to
wild-type AS-B, which forms these products in a 1:1 ratio (63, 89), the E348D AS-B mutant
formed two molecules of PP; per asparagine. In addition, the E348A AS-B mutant loses the
ability to catalyze asparagine synthesis when glutamine or ammonia is the nitrogen source,
although it retains significant levels of ATP pyrophosphatase activity (J.A. Gutierrez &
N.G.J. Richards, unpublished results). Both of these observations are consistent with the role
deduced for Glu-348 on the basis of the AS-B/inhibitor model, suggesting that this in silico
structure may prove a useful asset in the discovery of simpler, and more cell permeable,
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structures with activity as ASNS inhibitors using computational (181) and other structure-
based strategies (182, 183).

PERSPECTIVES

A number of valuable initiatives can be envisaged, some of which are ongoing, to further
our knowledge of the relationship between ASNS expression and ASNase sensitivity or
resistance in childhood ALL. First, to complement the microarray analysis of patient
samples at the time of diagnosis, similar analyses performed on individual patients during
the course of therapy should be of considerable interest. However, this proposed approach
has some technical limitations because over the course of therapy in most patients there will
be a significant decline in the number of lymphoblastic cells, and consequently the
background of ASNS content in other cell types within the sample will complicate any
quantitative analysis and interpretation of the data. It must also be recognized that ALL
therapy involves a multidrug regimen, so that the effect of ASNase treatment is difficult to
analyze in isolation. Parallel proteomic approaches to (a) document the expression of ASNS
protein and enzymatic activity, thereby yielding a more definitive analysis of the actual
cellular rates of asparagine synthesis, and (5) screen the entire proteome of the cell for the
changes in specific protein expression that take place in ASNase-sensitive versus resistant
cells, or during ASNase therapy, will also be important (184, 185). Such proteomic analyses
will be critical because it is becoming increasingly clear that fluctuations in cellular amino
acid content, similar to those induced by ASNase treatment, can cause significant effects on
global mRNA translation rates, as well as on the translation of specific mRNA species. For
example, data from cell culture studies indicate that in response to long-term ASNase
treatment, cells are irreversibly altered by unknown mechanisms such that ASNase
resistance and increased transcription from the ASNS gene is retained long after drug
exposure has been terminated. It will be important to determine if such an irreversible
elevation of ASNS expression occurs in subpopulations of patients undergoing therapy, and,
if so, the identification of the molecular mechanism(s) by which that enhanced expression
occurs might lead to new therapeutic targets. Finally, extending the current studies on the
relationship between ASNS expression, ASNase effectiveness, hyperdiploidy, and the
expression of the t(12;21) product TEL-AML1 is likely to be important in designing rational
ASNase therapy in ALL genetic subtypes.

The demonstration that adenylated sulfoximine 7b is a nanomolar ASNS inhibitor sets the
stage for cell-based assays to determine the biological effects of inhibiting the enzyme in
ASNase-resistant MOLT-4 cell lines. On the other hand, the ability of this compound to pass
through cellular membranes is clearly limited by the presence of amine and carboxylate
functional groups, which have been shown to be critical substituents for aspartate
recognition and binding. Therefore obtaining functionalized sulfoximine derivatives that are
“second-generation” ASNS inhibitors is dependent on identifying uncharged functional
groups, such as hydroxyl groups or heteroaromatic rings, which can substitute for these
ionizable groups. Accomplishing this goal will likely require the development of suitable,
targeted molecular libraries (151, 186), for which access to (a) novel, and more efficient,
synthetic methods for constructing the sulfoximine functionality, and (/) validated
computational models of the AS-B/7b active site complex that can be employed in de novo
design strategies (181) will be essential. Novel assays for detecting asparagine formation
that are sufficiently sensitive for use in automated, high-throughput screening also remain to
be developed. Finally, the use of profiling methods (187) should offer a rapid approach to
delineating the specificity of adenylated sulfoximines when introduced into cells,
particularly regarding their ability to bind to aspartyl tRNA synthetases.
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Glossary

ASNS
ASB
Prednisone

L-asparaginase
(ASNase)

Acute lymphoblastic
leukemia (ALL)

Acute myeloblastic
leukemia (AML)

Vincristine

Ntn

GMPS

BLS
BAsPAMP

PP;

BHK tsll cells

Amino acid response
(AAR) pathway

bzZIP

NSRE

UPR

EMSA

ChlP
MOLT-4cells

Molecular dynamics
(MD)

asparagine synthetase
Escherichia coli glutamine-dependent ASNS

an orally active, synthetic corticosteroid used to suppress the
immune system

a serine-dependent hydrolase that catalyzes the hydrolysis of L-
asparagine to L-aspartic acid

a disease in which patients produce primitive lymphoid cells
instead of cells that would normally develop along the lymphoid
lineage into mature B- or T-lymphocytes

a disease in which patients produce cancerous primitive cells
instead of cells that would normally develop along the myeloid
lineage into myeloid white blood cells

an alkaloid that binds to tubulin monomers thereby preventing
the formation of spindle microtubules and stopping separation of
duplicated chromosomes

N-terminal amidohydrolase

guanosine-5” -monophosphate synthetase
B-lactam synthetase

B-aspartyl-AMP

inorganic pyrophosphate

a hamster cell line that expresses a mutant form of ASNS and,
consequently, is blocked at G1 in the cell cycle

the pathway by which mammalian cells sense and respond to a
deficiency of protein/amino acid

basic leucine zipper transcription factor
nutrient-sensing response element
unfolded protein response
electrophoresis mobility shift analysis
chromatin immunoprecipitation

a T cell-derived leukemic cell line isolated from a patient with
ALL

a computational method in which Newton's equations of motion
are solved to yield a trajectory showing the dynamical motions of
a protein structure
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Simulated annealing a technique to optimize the structure of a protein by performing
an MD simulation in which the temperature is systematically
lowered to obtain a low-energy conformation
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Scheme 1.
Overall transformation catalyzed by glutamine-dependent ASNS, showing the B-aspartyl-
AMP intermediate. Ammonia may replace glutamine as a nitrogen source in vitro.
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Scheme 2.
Hypothetical mechanism for the ASNS-catalyzed formation of BAspAMP 1 and its
subsequent reaction with ammonia to form asparagine and AMP.
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A comparison of the chemical reactions catalyzed by BLS and ASNS. (a) Aspartate is
activated by adenylation to yield BAspAMP, which undergoes intermolecular attack by
ammonia to yield asparagine. (b) CEA, the substrate for BLS, is activated as an acyl-AMP
derivative, which then undergoes intramolecular nitrogen attack to give the B-lactam
product.
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Figure 1.

(a) Cartoon representation of the structure of the Cys-1-Ala mutant of Escherichia coli AS-B
complexed with glutamine (b/ue space-filling model) and AMP (green space-filling model)
showing the domain organization of the enzyme (35). Helices and pB-strands are shown in
yellow and red, respectively. The final 40 C-terminal residues are not observed in the crystal
structure, presumably due to their disordered conformation in the absence of bound
aspartate. (b) Cartoon showing the putative pathway by which ammonia (/ight blue spheres)
travels between the glutaminase (fop) and the synthetase (bottom) active sites in AS-B. The
side chains of residues defining the ammonia tunnel that are variable and conserved
throughout the family of known asparagine synthetases are colored green and red,
respectively. Bound glutamine (fop) and AMP (bottom) are rendered as gray-white “ball-
and-stick” models. Reprinted from (63), Copyright 2003, with permission from Elsevier.
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Figure 2.

A working model for control of the asparagine synthetase (ASNS) gene by the AAR or UPR
pathways (92). Transcription factors shown in color have been localized to the ASNS
promoter by chromatin immunoprecipitation analysis. Unidentified or putative components
are shown in gray. Transcription from the ASNS gene reaches its highest rate at 1-4 h
(phase I) following nutrient stress. ASNS transcription is still elevated relative to the “fed”
state between 4-24 h (phase II) following nutrient stress, but the rate is reduced.
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Figure 3.

Selected metabolic changes that take place in ASNase-resistant MOLT-4 leukemia cells
(123). Treatment with ASNase causes a rapid degradation of extracellular asparagine (Asn)
and a subsequent depletion of intracellular Asn. Compensatory changes, shown with red
arrows, include increases in: transcription from the asparagine synthetase gene, glutamine
synthetase activity (post-transcriptional), and active glutamine transport. Conversely, there
is a decrease, shown in yellow, in Asn efflux through Na*-independent exchange. There is
little or no aspartate uptake by these cells, so synthesis via transamination may play a role in
supplying this substrate for the ASNS-catalyzed reaction.
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Figure4.

Cartoon representations of the X-ray crystal structures of (2) BLS complexed to its substrate
(CPK-colored space-filling model) and AMPCPP (green space-filling model) in the C-
terminal domain (52) and (b) Escherichia coli AS-B complexed with glutamine (not shown)
and AMP (green space-filling model) (35). The striking structural conservation in both
enzymes suggests either a common ancestor or recruitment of AS to provide BLS during the
evolution of clavulanic acid biosynthesis. In both structures, helices and -strands are shown
in yellow and red, respectively, whereas water molecules are represented by red spheres.
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Figure5.

Views of the working molecular model for the AS-B/BAspAMP/PP; complex. (a)
Interactions between PP; and residues defining the ATP pyrophosphatase loop motif. (5)
Protein/BAspAMP interactions involving conserved residues Glu-352, Tyr-357, Lys-376,
Asp-384, Arg-387, and Lys-449 that illustrate recognition of the a-amino and a-carboxylate
groups present in the BAspAMP intermediate 1. (Color coding: C — gray; H — white; O —
red, N - blue; P — purple. Light blue lines show locations of putative hydrogen bonds.)

Annu Rev Biochem. Author manuscript; available in PMC 2013 March 04.



1duosnuey Joyiny Vd-HIN 1duosnuey Joyiny Vd-HIN

1duosnuepy Joyiny Vd-HIN

Richards and Kilberg Page 30

HO
Mupirocin e
by e NHz
i
Byo o o=<N|\” o o QN“A”
C In-P-0— N N’J H y—LlnN-P-0— N~
L | o gt e o)
H OMe S 7 HaN ( HoO
cOy
HO OH HO OH
Phosmidosine o P-asparaginyladenylate e
2
N~
N
2.2, 41
H N80 o N
HgN' H O
coy
HO OH
(5] NH NHz
N~ N =
,H o o ¢TI0 ,H o o (ff”
W bon g YLt el
CO; CHy O COy CHy O
HO OH HO OH
@ (25.45,2R,35) @ (25.4R, 2R, 35)
a 2.8 o 5
B=NH S=N-P-O" )l\o & o o
o ol 1
H | cH H | CHy O H =
HGNJ T R HSN‘\I:‘) & el
3
COy COys Coy” COz

Figure®6.
Structures of compounds 3—11 (see text for details).
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Figure?.

Computational visualization of transition state mimicry by the adenylated sulfoximine
functional group. (a) Semiempirical (PM3) transition state for the attack of ammonia on a
computational model of the acyladenylate intermediate formed in the ASNS synthetase site.
(b) Graphical representation of the transition state structure showing the isodensity surface
color-coded by the electrostatic potential. Note that the hydrogen atoms in ammonia gain
substantial positive charge (red). (¢) Optimized (PM3) structure for a model phosphorylated
sulfoximine. (d) Graphical representation of the phosphorylated sulfoximine in (¢) showing
the isodensity surface color-coded by the electrostatic potential. Note that the hydrogen
atoms of the methyl group have similar steric and electrostatic properties to those on
ammonia in the transition state shown in (4). [Color coding in (a) and (¢): C — gray; H —
white; O — red, N — blue; P — purple; S — yellow. Dotted lines show noncovalent,
electrostatic interactions. ]
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Figure8.

Computational model of the adenylated sulfoximine ASNS inhibitor 7b docked into the
synthetase site of AS-B. For ease of comprehension, only selected protein residues are
shown, which are all conserved within glutamine-dependent ASNS. Note the distance
between the Glu-348 side-chain carboxylate (pink) and the methyl group (cyan) of the
ASNS inhibitor. The methyl substituent mimics the location of ammonia in the transition
state formed during attack on the BAspAMP intermediate 1. Residues shown in green
(Leu-232 and Ser-346) define the C-terminal end of the channel through which ammonia
enters the synthetase active site after being released in the N-terminal glutaminase domain.
(Color coding: C — gray; H — white; O — red, N — blue; P — purple; S — yellow.)
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