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Abstract

The glycopeptide antibiotics are the most important class of drugs used in the treatment of
resistant bacterial infections including those caused by methicillin-resistant Stgphylococcus aureus
(MRSA). After more than 50 years of clinical use, the emergence of glycopeptide resistant Gram-
positive pathogens such as vancomycin-resistant enterococci (VRE) and vancomycin-resi stant
Stgphylococcus aureus(VRSA) presents a serious global challenge to public health at atime few
new antibiotics are being developed. This has led to renewed interest in the search for additional
effective treatments including the development of new derivatives of the glycopeptide antibiotics.
General approaches have been explored for modifying glycopeptide antibiotics, typically through
the derivatization of the natural products themselves or more recently through chemical total
synthesis. In this Perspective, we consider recent efforts to redesign glycopeptide antibiotics for
the treatment of resistant microbial infections, including VRE and VRSA, and examine their
future potential for providing an even more powerful class of antibiotics that are even less proneto
bacterial resistance.

Antibiotic introduction in the early 201" century ushered in anew erain the treatment of
microbial infections, providing the medical community with powerful drugsin its battle
against disease. In addition to being among the first drugsintroduced, antibiotics are also
among the most successful, saving countless lives, extending life spans, and permitting
previously deadly medical procedures. They represent 5% of the global drug market, and
provide $42 billion in annual sales (2009) (1). One would be hard pressed to identify another
drug class that enjoys such safe and widespread use, provides so successful health outcomes
at such amodest cost, and has such alarge economic impact. It is magical to awake from a
night’s sleep nearly cured following a day of antibiotic treatment when feeling so miserable
the day before. However, and from the very outset, this new revolution came with the
concomitant induction of bacterial resistance to these treatments. The first reports of
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resistance followed only one year after theinitial introduction of penicillin. Similarly, the
introduction of methicillin in 1959, the next-generation drug for the treatment of penicillin-
resistant strains, was followed only two years later by the emergence of methicillin-resistant
Stgphylococcus aureus(MRSA) (2). This cycle continues to be repeated again and again as
new antibiotics are discovered and introduced into widespread use.

The glycopeptide antibiotics have long stood as an exception to this phenomenon. The lack
of significant levels of clinical resistance to the two most commonly deployed members,
vancomycin and teicoplanin, led to their adoption as drugs of last resort for the treatment of
otherwise resistant and deadly infections. Recent years however have finally brought the
onset of resistance to these important drugs. Herein, we review the origin of the past success
with the glycopeptides antibiotics and the science behind the devel opment of derivatives that
address the emerging problem of acquired resistance in pathogenic bacteria, which we
believe will provide an even more powerful future class of antibiotics than Nature could
devise.

Resistance to Glycopeptide Antibiotics is a Growing Serious Public Health

Problem

Molecular

Vancomycin is the leading member of the class of clinically important glycopeptide
antibiotics. Discovered at Eli Lilly, vancomycin was first disclosed in 1956 (3) and
introduced into the clinic in 1958, athough its structure was not established until nearly 30
years later in 1983 (4). Following the emergence of MRSA, it became the drug of choice to
treat resistant bacterial infectionsand it is also used for the treatment of patients on dialysis,
undergoing cancer chemotherapy, or allergic to p-lactam antibiotics (5). Today, more than
60% of the ICU S aureusinfections are MRSA, and its movement from a hospital-acquired
to a community-acquired infection has intensified the impact of such resistant bacterial
infections (6). The onset of vancomycin resistance was long-delayed in comparison to all
other antibiotics. Even after itsfirst three decades of use, there was no notable resistance to
vancomycin reported, and some even speculated that the development of resistance might be
impossible (7). Vancomycin resistant phenotypes were first reported in enterococci (VRE)

in 1987, many years after the introduction of the drug into widespread clinical use, and
today >30% of the ICU Enterococcus faecalisinfections are VRE. Following the emergence
of resistance in enterococci, which is now genetically transferred vertically, concern arose
over the emergence of vancomycin-resistant S awreus(VRSA) as aresult of horizontal gene
transfer from resistant enterococci. The first cases of fully vancomycin-resistant strains were
reported in 2002 (8), and there have been an increasing number of cases of VRSA inthe
United States confirmed by the CDC (9). A mgjority of VRSA has been found in patients
co-infected with VRE, implicating horizontal gene transfer as the current method for
acquiring vancomycin resistance (10). As the prevalence of VRSA increases and asiit
establishes vertical gene transfer of resistance, new antibiotics with the longevity and
dependability of vancomycin will be required to contain their impact. Thisneed is arising at
the same time that antibiotic discovery efforts are being discontinued at most major
pharmaceutical companies. The reasons for this decline in antibiotic development are largely
economic, resulting from a combination of patient short term use, the restricted use of new
antibiotics with activity against resistant bacteria, and the increased regulatory criteria for
approval.

Basis of Vancomycin Resistance

The mechanism of action of glycopeptide antibiotics involves the inhibition of bacterial cell
wall synthesis by binding and sequestration of the integral precursor peptidoglycan peptide
terminus D-alanine-D-alanine (D-Ala-D-Ala) in the developing cell wall, Figure 1 (11). This
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precursor is tightly bound by the antibiotic, physically preventing transpeptidation and
transglycosylation, arresting cell wall cross-linking and maturation, and leading to cell lysis.
In the two most prominent manifestations of resistance (VanA and VVanB), this cell wall
precursor is remodeled to D-alanine-D-lactate (D-Ala-D-Lac), incorporating an ester linkage
in place of the amide of the natural ligand (12). Vancomycin-resistant bacteria sense the
antibiotic challenge and subsequently remodel their precursor peptidoglycan terminus from
D-Ala-D-Alato D-Ala-D-Lac. Normal synthesis of lipid intermediate | and I1, containing
the D-Ala-D-Alatermini, continues but a late stage remodeling to D-Ala-D-L ac ensues to
avoid the action of vancomycin. The binding affinity of the antibiotic for this altered ligand
is reduced 1000-fold, resulting in a corresponding 1000-fold loss in antimicrobia activity.
One key, but subtle insight to emerge from this characterization of vancomycin-resistant
bacteriais that the most direct efforts to redesign vancomycin for their treatment should
target compounds that not only bind D-Ala-D-Lac, but that also maintain binding to D-Ala-
D-Ala

The mechanism by which the vancomycin challenge is sensed is well understood (13),
entailing atwo component signaling cascade (VanS/VanR). Initiated by aligand-induced
dimerization of a cell surface His-kinase (VanS), it activates the signaling transcription
factor VanR by phosphorylation and dimerization. In turn, the activated VanR transl ocates
to the nucleus where it binds to DNA and induces the expression of three genes encoding
three enzymes (VanH, VanA, and VanX) that remodel the peptidoglycan precursor from D-
Ala-D-Alato D-Ala-D-Lac. The species responsible for inducing VanS dimerization and
activation has been the subject of intense study. Compelling cases have been made for either
direct recognition of the antibiotic itself (14) or the aberrant buildup of akey cell wall
precursor(s) (15), and it is conceivable that which of the two inducing VanS ligands used is
organism dependent (16).

This sensing mechanism and apparent resistance was most likely co-opted from the
vancomycin producing organisms, which use it to avoid the antibiotic effects (17), rather
than being orchestrated by sensitive bacteria upon continued treatment. As such, one could
make the case that pathogenic bacteria have not yet independently evolved a unique and
effective resistance mechanism to glycopeptide challenges.

Semisynthetic Glycopeptides in the Clinic

Because of their structural complexity, nearly all new structures have been derived by
semisynthetic modification of the natural products (18). Many of the most significant
modifications have introduced hydrophobic moieties into the glycopeptide structure, which
often yields increased activity. To date, no semisynthetic compounds have modified the
pocket region of the molecules responsible for binding D-Ala-D-Alain efforts to recover
affinity for D-Ala-D-Lac. Instead, the modifications are quite remote from the binding
pocket. Strategically placed hydrophobic groups have been shown to increase antibiotic
dimerization in solution, and also to confer increased membrane anchoring ability, both of
which could conceivably lead to increased binding of the peptidoglycan terminus (19).
Additionally, the direct inhibition of transglycosylase enzymes, mediated by a glycopeptide
modified carbohydrate, has been proposed as a second mechanism by which the lipophilic
glycopeptides with reduced or impaired D-Ala-D-Lac or D-Ala-D-Alabinding properties
exhibit antimicrobial effects (20,21).

One such modified glycopeptide is telavancin (22), aclinically approved (2009)
semisynthetic derivative of vancomycin used to treat complicated skin infections that are
suspected or confirmed to be MRSA. It bears a hydrophobic A-decylamino group to grant
increased activity against resistant organisms and a hydrophilic phosphonic acid side chain
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that provides improved pharmacokinetic properties, Figure 2. Telavancin has been shown to
function both through the traditional glycopeptide mechanism of inhibition of cell wall
synthesis by binding to D-Ala-D-Ala and also through the disruption of bacterial membrane
integrity, a mechanism typically not seen for other glycopeptides (23).

Theinclusion of a modified sugar bearing a chlorobiphenyl group has been explored in a
variety of positions, most notably in the glycopeptide derivative oritavancin (24).
Oritavancin, the N-(,p-chlorobiphenyl)methyl derivative of the naturally occurring
glycopeptide chloroeremomycin, possesses the vancomycin core but different sugar
residues. It was originally developed by Eli Lilly and it currently is being advanced through
phase Il clinical trials for possible FDA approval, Figure 2 (25). Studies on the mechanism
of action for oritavancin and related compounds have shown that the chlorobiphenyl side
chain promotes antibiotic dimerization and membrane anchoring and affords antimicrobial
activity against resistant organisms, including VanA and VanB VRE, despite alack of
improved binding for D-Ala-D-Lac in solution.

It is conceivable such semisynthetic changes to vancomycin might avoid bacterial sensing of
the antibiotic challenge and this likely accounts for their VanB VRE activity (like
teicoplanin) (18) or that some may entail a second mechanism(s) of action. However, it is
notable that both of these derivatives also simply increase the antibiotic potency, typically as
much as 100-fold. While increasing the bacterial sensitivity to the antibiotics, VanA
vancomycin-resistant bacterial strains (MIC = 10 pg/mL) remain 1000-fold less sensitive
than susceptible strains (MIC = 0.01 pg/mL), indicating that the intrinsic resistance is still
induced, but is overcome by the increased potency of the semisynthetic derivatives.

Fundamental Basis for Redesign of the Vancomycin Binding Pocket

In spite of al the modifications made to vancomycin, analogues bearing alterations to the
core structure, including changes to the critical binding pocket region itself, have been
essentially unexplored. With the structural complexity of glycopeptides, a modification to
the peptide backbone would likely only be accessible through total synthesis. Our efforts on
the total synthesis of glycopeptide antibiotics, which first provided the vancomycin aglycon
(26,27), and were subsequently extended to provide the teicoplanin (28,29) and ristocetin
(30) aglycons and the complestatins (31,32,33), provided us a unique opportunity to explore
such deep-seated modifications of the natural products inaccessible by typical semisynthetic
efforts.

Vancomycin binds D-Ala-D-Alathrough arich array of hydrophobic van der Waals contacts
and a network of five H-bonds between the ligand and the central pocket formed by the
glycopeptide backbone (34). Resistance arises when this hydrogen-bonding network is
disrupted by asingle atom substitution in the ligand (NH — O) that servesto not only
remove the central H-bond but also introduces a repulsive lone pair/lone pair interaction
between the vancomycin residue 4 carbonyl and D-Ala-D-Lac ester oxygens. In an effort
that established the contribution of each of these effects to the net 1000-fold loss in affinity,
we prepared amodel of the peptidoglycan ligand incorporating a methylene unit, wherein
the amide of the natural ligand is now a ketone, and its binding to vancomycin was
determined, Figure 3 (35). This examination established that the majority (100-fold) of the
1000-fold reduction in binding was a result of the destabilizing lone pair interaction
introduced by the substitution of the ester oxygen. Thus, an initial synthetic redesign of
vancomycin could focus principally on removing this destabilizing interaction rather than
reintroduction of the lost H-bond and this would be sufficient to compensate for most of the
lost binding affinity with D-Ala-D-Lac. An anal ogue excising the offending vancomycin
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residue 4 amide carbonyl, and replacing it with a methylene group, would accomplish this
goa and was the target of our initial efforts.

Given the state of the art in organic synthesis, the incorporation of such a deep-seated
modification to the vancomycin aglycon to provide [ ¥ [CHoNH] Tpg*]vancomycin aglycon
could be achieved initially and most directly through total synthesis. Our experience
developed in the course of the total syntheses of the naturally occurring glycopeptide
antibiotics provided a solid foundation on which to base the efforts. Incorporating a modular
strategy based on our synthesis of the vancomycin aglycon, the synthesis of

['¥[CHoNH] Tpg*vancomycin aglycon was accomplished providing amodified antibiotic
bearing a methylene at residue 4 (36). Consistent with expectations and relative to
vancomycin aglycon, this analogue exhibited a 40-fold increase in affinity for D-Ala-D-Lac
and a 35-fold reduction in affinity for D-Ala-D-Ala, providing the first modified
glycopeptide with dual, balanced binding properties, Figure 4. This methylene derivative of
vancomycin aglycon also exhibited activity against vancomycin-resistant bacteria,
displaying a potency (MIC = 31 pg/mL, VanA E. faecalis) reflecting these binding
characteristics. Thus, the removal of a single atom from the antibiotic countered the bacterial
resistance derived from the single atom exchange in the bacterial cell wall peptidoglycan
precursor, provided the first rationally redesigned vancomycin prepared to directly address
the origin of resistance, and established the foundation for our continued study.

Second-generation Vancomycin Modifications — A Divergent Synthetic

Approach

Following the initial successin the redesign of the vancomycin aglycon to achieve this dual
binding by the removal of the lone pair repulsion between vancomycin and D-Ala-D-Lac,
we sought to access a key series of additional analogues in a search for improved binding
affinities and antimicrobial activities. Such afull exploration of the molecular interaction of
vancomycin and its two targets would require the synthesis of a number of different

anal ogues bearing modifications to the pocket region. As selective semisynthetic
modification of vancomycin at the residue 4 site is not yet possible, we designed a divergent
(37) total synthesis that would proceed through a key intermediate that allows alate-stage
diversification into a series of analogues.

The strategy replaced the residue 4 amide with the corresponding thioamide, which could
then be selectively modified at alate stage in the presence of the multiple amides. After a
screen of potential stages at which to incorporate the thioamide, we found the most efficient
reaction was that performed on an early stage precursor using Lawesson’s reagent, which
proceeded with compl ete selectively for the sterically more accessible of two possible
amides. From thisinitial thionation stage, a complex total synthesiswas elaborated resulting
in the preparation of [¥[C(=S)NH] Tpg*]vancomycin aglycon, Scheme 1 (38). In addition to
early stage residue 4 thioamide introduction, allowing differentiation of one of seven amide
bonds central to the vancomycin core structure, the approach relied on two aromatic
nucleophilic substitution reactions for formation of the 16-membered diaryl ethersin the
CD/DE ring systems, an effective macrolactamization for closure of the 12-membered biaryl
AB ring system, and the defined order of CD, AB, and DE ring closures. This order of ring
closures follows their ease of thermal atropisomer equilibration, permitting the recycling of
any newly generated unnatural atropisomer under progressively milder thermal conditions
where the atropoisomer stereochemistry already set is not impacted.

This vancomycin residue 4 thioamide displayed revealing propertiesin its own right. The
single atom substitution of sulfur for oxygen was sufficient to completely disrupt binding to
both D-Ala-D-Alaand D-Ala-D-Lac and the compound lacked any antimicrobial activity,
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Figure 4. Although the weaker H-bonding of athioamideislikely contributing to this
lowered affinity for D-Ala-D-Ala, the magnitude of the loss suggests something more
fundamental is responsible. We have suggested that the thiocarbonyl increased bond length
and larger van der Waals radii of sulfur are sufficient to sterically displace and completely
disrupt the intricate binding of D-Ala-D-Ala. This behavior of the residue 4 thioamide
serves as a sharp contrast to the corresponding residue 4 amidine detailed below, illustrating
the near perfect isosteric amidine replacement for an amide. In addition, the inactivity of the
residue 4 thioamide defines a key intermediate to be targeted with producing non-pathogenic
micoorganisms that avoids the otherwise suicidal production of the amidine itself. Thus, the
properties of the residue 4 thioamides, which might appear disappointing on the surface,
represent an important key observation made in our efforts that will serve to advance the
field.

A Redesigned Glycopeptide with Dual Binding and Potent Antimicrobial

Activity

With the availability of [¥[C(=S)NH]Tpg*]vancomycin aglycon, the stage was set to
develop the site-specific single-step introduction of key modifications at a site critical to the
interaction between vancomycin and the peptidoglycan terminus. Although the methylene
derivative exhibited the desired dual binding properties, we sought to explore anal ogues that
could further enhance D-Ala-D-Lac binding while simultaneously maintaining binding for
D-Ala-D-Ala We turned our focus to [ ¥[C(=NH)NH] Tpg*]vancomycin aglycon, wherein
the residue 4 amide of vancomycin is replaced with an amidine. In retrospect and with the
resultsin hand, this choice of residue 4 amidine may appear obvious, but its projected
behavior was not straightforward to anticipate. It was not clear whether the residue 4
amidine would further enhance D-Ala-D-Lac binding by not only removing the destabilizing
lone pair interaction but by additionally serving as a H-bond donor to the weak acceptor
ester oxygen. More significantly and because an amidine would be expected to be
protonated, it was not clear whether it would maintain its ability to serve as an effective H-
bond acceptor needed to bind D-Ala-D-Ala. Finally and because the altered properties of the
residue 4 thioamide were so dramatic, it was not clear whether an amidine could serve as an
effective amide replacement at a site so sterically sensitive to modification. After an
extensive, abeit initial, exploration of approaches, the residue 4 thioamide was selectively
converted to the corresponding amidine in asingle step using a unique, previously
unexplored AgOAc-promoted reaction (50-85%) that could be conducted on afully
deprotected and fully elaborated vancomycin aglycon, Scheme 2 (39).

This new analogue improved binding to the model D-Ala-D-Lac ligand by nearly 600-fold
over that of vancomycin, which is aso a more than 10-fold increase over the corresponding
methylene derivative, Figure 4. Moreover, its binding affinity for the model D-Ala-D-Ala
ligand is only approximately 2-fold less than the vancomycin aglycon itself and 15-fold
greater than the methylene derivative, indicating that the amidine functions well as a H-bond
acceptor for the amide NH in the model ligand. Importantly, it displays effective, balanced
binding affinity for both model ligands at alevel that is within 2- to 3-fold that exhibited by
vancomycin aglycon for D-Ala-D-Ala. Accurately reflecting these binding properties, it
exhibits potent antimicrobial activity (MIC = 0.31 pg/mL, VanA E. faecalis) against VanA
VRE, the most stringent of vancomycin-resistant bacteria, being equipotent to the activity
that vancomycin and its aglycon display against sensitive bacteria strains. Beautifully, this
represents a complementary single atom exchange in the antibiotic (O—NH) to counter a
corresponding single atom exchange in the cell wall precursors of resistant bacteria
(NH—O0). A key additiona featureis that the modified antibiotic aso maintains its ability to
bind the unaltered peptidoglycan D-Ala-D-Alawhile also binding the remodeled D-Ala-D-
Lac by virtue of its ability to serve as either a H-bond donor or H-bond acceptor.
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The clinical impact of such redesigned glycopeptide antibiotics islikely to be important,
charting arational approach forward in the development of antibiotics for the treatment of
vancomycin-resistant bacterial infections. Since the single atom exchange described hereis
a deep-seated change that entails the selective transformation of one of seven amidesin the
vancomycin core structure, this was accomplished initially by total synthesis. In addition to
its use in the exploration of other residue 4 modifications that are under investigation,
further improvementsin their total synthesis, the development of semisynthetic approaches
to selective residue 4 modifications, and the use of engineered or coerced (feeding)
microorganisms can be expected to improve access to such modified glycopeptide
antibiotics. Since the latter attempts to directly produce the residue 4 amidines will likely
simply kill the producing organism, the production of the inactive residue 4 thioamides and
their subsequent single-step synthetic conversion to the amidines, as we detail, will likely be
the most effective of such approaches.

Combining Peripheral Modifications and Binding Pocket Redesign — a Next

Frontier

With the rational synthetic redesign of the glycopeptide antibiotic binding pocket now
accessible, an exciting next phase is the combination of these deep-seated structural changes
with the modifications to the peripheral regions of the molecules present in the best
currently available therapeutic candidates. As discussed, the activity of the latter compounds
is not derived from atered peptidoglycan terminus binding although they can be used to
sometimes prevent the induction of the D-Ala-D-Lac remodeling (e.g., VanB sensitivity).
Rather, they often simply increase antibiotic activity against resistant organismslargely asa
result of an overall increase in potency by as much as 100-fold against both resistant and
sensitive organisms. It is reasonable to expect that the incorporation of such peripheral
modifications into the structure of a vancomycin already modified to achieve dual, effective
binding for both D-Ala-D-Alaand D-Ala-D-Lac will increase the resulting compounds’
activity against both sensitive and resistant bacteria to truly remarkable potencies and
efficacies. Aside from the intrinsic merits of such candidate structures as new therapeutics,
the increased potencies would have an important impact on lowering their production costs
and supplies needed for clinical exploration or introduction.

Why Focus on the Glycopeptide Antibiotics?

Have these efforts smply resuscitated an old antibiotic that isin decline or can we expect a
more special behavior? Their past history suggests there are several key features of this class
of antibiotics, endowing it with a“resistance to resistance”, that make it a uniquely
important class that can be even further improved. First, it binds not to a protein or nucleic
acid target, but to a near ubiquitous small molecule substrate integral to bacterial cell wall
formation that is both fundamental to the bacteria's survival and incapable of resistance
derived from spontaneous genetic mutation. Second, the glycopeptide antibiotics inhibit cell
wall synthesis by multiple mechanisms, inhibiting transpeptidase-catalyzed cell wall cross-
linking by substrate sequestration and inhibiting transglycosylase-catalyzed lipid
intermediate |1 incorporation by either indirect means (D-Ala-D-Alabinding) or potentially
through direct carbohydrate binding to the enzyme. It is statistically difficult to imagine
organisms evolving to overcome two or more such mechanisms simultaneously.
Additionally, the glycopeptide antibiotics likely occupy multiple cell wall binding sites
beyond D-Ala-D-Ala, including D-Ala-Gly and Gly-Gly, which conceivably could serve to
further impede cell wall synthesis. Finally, the class benefits from targeting a cell surface (vs
intracellular) target avoiding the additional intracellular-mediated common mechanisms of
resistance (e.g., bacterial chemical modification and deactivation, efflux, blocked entry)
(40). Most significant isthe fact that the resistance that has emerged (VanA and VanB) has
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not been through pathogenic bacteria evolution of a mechanism of resistance, but was likely
coopted from the glycopeptide producing non-pathogenic organisms that use it to avoid the
antibiotic effects during production. Thus, other than the reduced susceptibility (ca. 10-fold)
derived from aminor D-Ala-D-Ser (VanC) VRE variant and that derived from a thickened
bacterial cell wall presenting more target sites (VISA, 10-fold) (41-43), pathogenic bacteria
themselves have not yet devised an effective resistance strategy to the glycopeptide
antibiotics even after more than 50 years of heavy clinical and vetinary use. The
development of modified glycopeptides that fundamentally address the intrinsic resistance
derived from either inducible or constitutive D-Ala-D-Lac remodeling should not only
overcome the emerging problem of acquired resistance in pathogenic bacteria, but will likely
provide a more powerful future class of antibiotics than even Nature could devise. Finaly,
understanding the sources of vancomycin’slasting utility (the past) also define the
characteristics that future new, alternative, or replacement antibiotics should embody (44).
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Figure 1.
Late stage bacterial cell wall synthesis and vancomycin binding to D-Ala-D-Ala
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Figure 2.
Structures of oritavancin, telavancin, and teicoplanin.
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Figure 3.
Schematic representation of the interaction of vancomycin with model ligands and measured
binding data.
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Key vancomycin residue 4 modifications.
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Single-step synthetic conversion of aresidue 4 thicamide to the corresponding amidine and

its dual binding behavior toward D-Ala- D-Lac and D-Ala D-Ala.
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