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Figure 1. Structural architecture of Gram-positive and Gram-negative bacteria. Adapted with permission from ref 24 Copyright 2017 American

Chemical Society. Created with BioRender.com.

di erentiating infection from inflammation, which can lead to
ambiguity in diagnosis.*>***

The lack of specificity in these radiotracers indicates that
there is still an unmet need for clinically di erentiating
inflammation from infection. This limitation restricts the
diagnostic potential that nuclear imaging tools can provide for
e ectively diagnosing infection.® Nuclear medicine imaging
technology is rapidly advancing, and improving the selectivity
of bacteria-specific radiotracers will revolutionize how
infections are diagnosed and treated in clinical settings.*®*’
The ability to detect infections early o ers numerous
advantages, including patient-tailored antibiotic treatment,
treatment response evaluation, and non-responder identifica-
tion. These capabilities are challenging but crucial in tackling
antibacterial resistance.® To realize these possibilities, e orts
have been undertaken to improve imaging specificity by
developing radiotracers that target bacteria-specific biological
structures and biochemical processes unique to bacteria. Some
examples of these radiotracers are [*®F]fluorodeoxysorbitol for
carbohydrate metabolism, [®®Ga]triacetylfusarinine C for iron
transportation, and 1-(2-deoxy-2-fluoro-B-p-arabinofuranosyl)-
5-[**1]iodouracil for nucleic acids.®*®?° Another promising
radiotracer is the ®™Tc- or %Ga-labeled ubiquicidin fragment
UBI 59-41y, Which binds to negatively charged bacterial cell
membranes and has shown specificity and e ectiveness in
clinical applications.?*

Over the years, the distinctive structure of the bacterial cell
wall has garnered significant interest, as it is absent in
mammalian cells. The bacterial cell wall plays a role in the
virulence and invasiveness of di erent bacterial strains.”” The
Gram-negative bacterial cell wall consists of a thinner sheet of
peptidoglycan meshed in between the cytoplasmic membrane
and an outer membrane compared to Gram-positive bacteria.
This includes the attachment of lipopolysaccharides and
lipoproteins to the outer membrane. On the other hand, in
Gram-positive bacteria, the cell wall consists of a thicker
envelope of peptidoglycan harboring teichoic acids and
lipoteichoic acids®*~2® (Figure 1). Therefore, the unigueness
of the bacterial cell wall o ers several potential targets that can
be used to improve the specificity and selectivity of SPECT
and PET radiotracers. The peptidoglycan layer, in particular, is
a key distinctive feature of the cell wall used to identify bacteria
as either Gram-negative or -positive using Gram-staining.
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Furthermore, it continues to serve as a cornerstone in
developing target-based antibiotics.”’~>° The heterogeneity
of peptidoglycan o ers the advantage of establishing whether
Gram-negative or Gram-positive bacterial strains caused the
infection. For this reason, it presents as an attractive target for
designing radiotracers capable of accurately detecting infection
with a possible identification of the causative pathogen,
especially for pathogens that are di cult to cultivate or target,
such as those hiding in biofilms.Z72** This is critical in
conditions where multiple species of pathogens are present
after initial antimicrobial therapy, as the infection may become
more complex. Trying to image and treat all strains
simultaneously can lead to challenges in determining the
most e ective treatment regimen. Hence, targeting specific
strains helps simplify the approach and allows for patient-
tailored antibiotic therapy, a highly advocated strategy for
addressing the continuing rise of antibiotic resistance.* For
example, antibiotic-based radiotracers such as [*™Tc]vanco-
mycin, which inhibit the peptidoglycan biosynthesis, have been
studied for the selective imaging of Gram-positive bacteria.
However, issues of high background activity and low sensitivity
have hampered their successful translation into the clinical
management of infections.*

The many possibilities of peptidoglycan biosynthesis
targeting for bacteria-specific imaging have been vastly
demonstrated with fluorescence-based peptidoglycan precur-
sors, with recent advances in development approaches outlined
in exceptionally detailed reviews.**~*" These reviews introduce
peptidoglycan precursors as a new target of molecular imaging
probes for the bacterial cell wall. Herewith, we summarize the
development and applications of radiolabeled peptidoglycan
precursors for SPECT and PET. In addition, examples from
fluorescent-based probes will highlight unexplored peptido-
glycan biochemical processes with the potential for specific
targeting. We also aim to address the strategic approach to
radiolabeled probe design and validation and present the
current challenges hampering research into peptidoglycan
targeting radiotracers for infection imaging.
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Figure 2. Proposed pathways of peptidoglycan biosynthesis and potential precursors for designing radiotracers or probes for imaging. Adapted from
ref 34 with permission from the Royal Society of Chemistry. Created with BioRender.com.

2. OVERVIEW OF PEPTIDOGLYCAN BIOSYNTHESIS
AND RECYCLING PATHWAY AS A POTENTIAL
TARGET

The biochemical process of the peptidoglycan biosynthesis
begins in the bacterial cytoplasm (Figure 2), where uridine
diphosphate-N-acetylglucosamine (UDP-GIcNAC) is enzymati-
cally transformed to UDP-N-acetylmuramic acid (UDP-
MurNAc) by UDP-N-acetylglucosamine enolpyruvyl trans-
ferase (MurA) and UDP-N-acetylenolpyruvoyl glucosamine
reductase (MurB). This reaction is followed by the sequential
addition of amino acids to UDP-MurNAc to form a peptide
stem of the peptidoglycan facilitated by Mur ligases. First, L-
alanine (L-Ala) is covalently attached to the UDP-MurNAc via
UDP-N-acetylmuramoyl-L-Ala ligase (MurC), followed by the
addition of p-glutamate (p-Glu) in position 2 via UDP-N-
acetylmuramoyl-L-alanine-p-glutamate ligase (MurD). Position
3 is then occupied by either meso-diaminopimelate (A2pm or
DAP) or L-lysine (L-Lys), facilitated by UDP-N-acetyl-
muramoyl-L-alanyl-p-glutamate-2,6-diaminopimelate ligase

272

(MurE). The addition of a p-Ala-p-Ala dipeptide substrate in
positions 4 and 5 of the UDP-MurNAc-tripeptide is catalyzed
by UDP-N-acetylmuramoyl-tripeptide-p-alanyl-p-alanine ligase
(MurF) and results in the formation of a UDP-MurNAc-
pentapeptide (L-Ala-y-p-Glu-meso-A2pm/L-Lys-p-Ala-p-Ala)
precursor.**~4°

The second step occurs in the periplasmic membrane, where
the phospho-N-acetylmuramoyl-pentapeptide transferase
(MraY) attaches the UDP-MurNAc-pentapeptide to the
membrane-embedded undecaprenyl phosphate carrier lipid
(C55-P), resulting in the formation of C55-pyrophosphoryl
(PP)-MurNAc-pentapeptide (lipid 1).***? Thereafter, lipid I is
further processed by N-acetylglucosaminyl transferase (MurG),
adding a GIcNAc moiety to form a C55-PP-GIcNAc-MurNAc-
pentapeptide (lipid 1), followed by a subseguent flippase
(MraJ) transportation to the periplasmic space.**~** The third
step occurs in the periplasmic space, catalyzed by bifunctional
penicillin-binding proteins (PBPs). The glycosyltransferases
(GTases) and transpeptidases (TPs) add lipid 1l to the
growing peptidoglycan strand by polymerization of alternating
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sugar moieties’**® to form a rigid peptidoglycan macro-
molecular layer.>**’

During cell elongation and proliferation, the bacteria
rearrange the cell membrane by enzymatic decomposition of
the peptidoglgcan chain using transglycosylases and endo-
peptidases.*®** The primary byproducts of this process include
GlcNAc-anhMurNAc-tetrapeptides, which enter the cytoplas-
mic area using AmpG permease for re-use in peptidoglycan
synthesis.”®®* Once inside the cytoplasm, the N-acetyl-
muramyl-L-alanine amidase (AmpD) hydrolyzes the tetrapep-
tide from the glycan strand.®*>* Subsequently, Lp-carboxy-
peptidase (LdcA) cleaves the terminal p-Ala in position 4,
resulting in a tripeptide.>*> The tripeptide is then enzymati-
cally linked to GIcNAc by murein geptide ligase (Mpl),
forming a UDP-MurNAc tripeptide.”®°" Alternatively, the
tripeptide precursor is further digested into single amino acids
by murein peptide amidase (MpaA), which then re-enters the
peptidoglycan biosynthesis pathway.>®>°

Since the heterogeneity and complexity of the peptidoglycan
biosynthesis and its recycling pathway involve multiple steps
facilitated by the interaction of numerous precursors and
enzymes, multiple strategies may be followed to develop tools
for specifically targeting bacterial cell walls. In particular, the
possibility for peptidoglycan precursor-based probes using
di erent fluorophores for cell wall studies and diagnostic
purposes using modern molecular techniques should be
emphasized. The next part of this Review will provide an
overview of radiolabeled peptidoglycan-based precursors for
infection imaging and highlight potential precursors or
derivatives, with examples from fluorescence imaging.

3. EMERGING RADIOTRACERS TARGETING
PEPTIDOGLYCAN BIOSYNTHESIS

Table 1 summarizes the mechanism of action-based character-
istics of relevant radiotracers, discussed in detail in the
following sections, including their in vitro and in vivo
evaluation.

3.1. Amino Acids-Based Probes. Amino acids are
required for several biochemical processes in mammalian and
bacterial cells, with the latter showing more preference for p-
amino acids than L-amino acids.® A decade of research has
been dedicated demonstrating the capability of the bacteria to
utilize exogenous p-amino acids for peptidoglycan biosyn-
thesis.®* This process takes place either in the periplasm by an
exchange of pb-amino acid at the terminal p-Ala of the peptide
stem or in the cytoplasm via de novo synthesis of peptide
precursors, facilitated by Lp-transpeptidase and p-alanine-b-
alanine ligase (DdQ activity, respectively>*®~% (Figure 2).

Neumann et al.®® characterized in vitro bacterial uptake of p-
[**C]methionine (p-Met), o-[**C]valine (p-Val), and b-
[**C]phenylalanine (p-Phe), and significantly more cell
incorporation was seen with p-[**C]Met for both E. coli
(Gram-negative) and S. aureus (Gram-positive) bacteria. These
results concur with those observed in another study by Kwak.®’
The possible explanation for the 6—10-fold higher accumu-
lation over p-Val/p-Phe might be because the metabolism of p-
Met is independent of the bacterial growth rate.”> Based on
this finding, the group further explored p-Met synthesized by
reacting [**C]CH;l with a p-homocysteine thiolactone
precursor, for PET/CT imaging using mice bearing E. coli
and S. aureus®® (Figure 3). High uptake of b-methyl-
[}*C]methionine (p-[*'C]Met) was reported in both Gram-
positive (0.96%ID/cc) and Gram-negative (0.78%ID/cc)
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bacteria strains, with significant reduction obtained by co-
incubation with unlabeled p-Met, suggesting that incorporation
was specific to activate the metabolic pathway. The PET/CT
imaging of p-[*'C]Met showed >2.5-fold higher counts and
selectivity for infection over inflammation using murine
myositis model in comparison to L-[methyl-*C]methionine
(L-[**C]Met). Non-specific p-[**C]Met accumulation was
observed in the lungs and the respiratory and gastrointestinal
tracts.®®

Subsequently, the group of Stewart et al.°® optimized the
radiosynthesis yield of b-[**C]Met using p-homocysteine
precursor, and specific uptake was observed in various Gram-
negative and -positive pathogens. Similarly, Muranaka et al.*
showed superior detection sensitivity of S-methyl-[*H]-o-
methionine (p-[*H]Met) with >2-fold higher infection/
background ratio over [**F]JFDG using a lung infection
model in mice. Based on these findings, Polvoy et al.”
successfully reported the first clinical translation of o-[*!C]Met
in prosthetic joint infections (PJIs), and the data indicated
significant (p < 0.0001) focal infection localization with low
background signal using PET/MRI scan (Figure 4). Although
the results are promising, the probe application might be
limited to musculoskeletal infections due to the high
background signal observed in soft tissues. Following the
positive prospects of p-[*'C]Met in a clinical setting, p-[*°F-
CF;]-methionine was developed to mitigate the logistics
challenges associated with the shorter half-life of the [*'C].
Despite the bacterial uptake assays not being performed, the
low radiochemical yield obtained necessitates further opti-
mization.”*

The same group synthesized p-3-[*'C]alanine (p-[*!C]Ala)
through the alkylation of a glycine-derived Schi -base
precursor with [**C]methyl iodide (Figure 5). Bacterial
metabolism of p-[*'C]Ala was reported in di erent Gram-
negative and positive bacterial strains with high in vivo
sensitivity and selectivity (>3.5-fold %ID/g) obtained in
comparison to [*¥F]FDG and [*®*Ga]citrate’® (Figure 6). The
study further reported possible applications in detecting spinal
infections, pneumonia, and infections with antibiotic-resistant
strains, which is currently challenging in the clinical setting.
Similar in vitro results were obtained using p-2,3-[*H]Ala.
However, the group did not further pursue the in vivo
biodistribution investigations of the probe.®”® Based on these
promising results, for the first time, an 8F-labeled alanine
derivative (p-[*®F-CFJalanine) was reported for infection
imaging. Unfortunately, the probe performed less than
expected, with low specific activity and bacterial incorpo-
ration.”*

Bacteria can also incorporate p-amino acids with large
aromatic substituents, including p-phenylalanine (p-Phe), p-
tyrosine (p-Trp), and p-tryptophan (p-Tyr), as substrates for
transpeptidation.®®®? Similarly,°® Kwak®" investigated the
bacterial uptake of p-[**C]Phe, which showed specific uptake
despite its lower rate compared to p-[**C]Met using E. coli.
However, this study further synthesized (R)-2-amino-3-(4-
[*8F]fluorophenyl)propanoic acid, an analog of p-Phe by
substitution of a proton with [*F], to test the changes in
bacterial uptake studies.”® According to the results, the
replacement of “C with 8F did not a ect the uptake of b-
Phe, and a significant specificity (>14-fold higher than
[*®F]FDG) was observed in E. coli cultures. The study
demonstrated the feasibility of o-[*3F]Phe in bacteria-specific

https://doi.org/10.1021/acsinfecdis.3c00443
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Table 1. continued

Bacterial

Key In vitro binding to

enzymes

Proposed mechanism of

Comment Refs

species

In vivo evaluation

pathogens

action

Radiotracer

Lipid Precursor

104

PBP1A is a key enzyme in peptidoglycan

E. coli

Enzymatic studies NA

TGase

Extracellular

[*C]GIcNAc, lipid

synthesis

transglycosylation/
transpeptidation

Glycan Core Precursors

93

Rapid bacterial uptake

E. coli

NA

Uptake studies

Intracellular MurG

[*H]

transglycosylation

Intracellular

acetylglucosamine

[°F]

112

Clearly visualized infections, not

E. coli

Murine myositis model infection vs sterile inflammation ([*®F]FAG vs

Uptake/competition

MurG

[**F]FDG)
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Figure 3. Radiosynthesis of p-methyl-[*!C]methionine. Reproduced
with permission from ref 66, published 2017 under a Creative
Commons Attribution 4.0 International License.

targeting, which warrants further investigation in mouse
infection models and PET/CT imaging.

In many Gram-positive strains, p-glutamate is converted to
p-glutamine (p-GlIn) at g7lutaminase’s second position of the
peptidoglycan precursor.”* Kwak®’ reported high bacterial
uptake of p-[*H]glutamate, blocked by co-administration of
unlabeled glutamate, indicating non-specific uptake. A similar
experimental design was used in another study by Renick et
al.,” utilizing o-5-[**C]glutamine (p-5-['C]GIn) synthesized
by a two-step approach by reacting tert-butyl-2-((tert-butoxy-
carbonyl)amino)-4-iodobutanoate with [*C]HCN, followed
by deprotection of the nitrile intermediate (Figure 7). The in
vitro investigations of o-5-[*1C]GIn showed high uptake in live
methicillin-resistant S. aureus and E. coli, which was inhibited
with increasing concentrations of unlabeled reference (Figure
8). The PET/CT image-guided tracer biodistribution using a
dual myositis mouse model showed 1.64-fold higher infection-
to-background ratios for both Gram-positive and -negative
bacteria. Unlike L-5-[**C]GIn, the o-5-[*!C]GIn signal also
allows for the di erentiation of the infection from inflamma-
tion (induced heat-killed bacteria).

In addition, investigations of PBP enzymatic reactions were
conducted using unlabeled lipid 1l and p-amino acids. PBP
recognized the bp-enantiomers and not the cr-enantiomers,
suggesting that the reaction occurs at the amines in the alpha-
amino group and not the epsilon-HH, moiety, with inhibito%
e ects observed with the addition of B-lactams.>®%>"®
Interestingly, previous studies have reported the potential of
bacteria cells to make use of L-amino acids as the precursors for
cell wall targeting, with uptake observed with L-2,3-[S-
methyl-*H]methionine (L-[*H]Met), r-[*H]alanine (.-
[®H]Ala), L-2,3,4-[*H]glutamic acid (L-[*H]Glu), L-2,5-[*H]-
histidine (L-[*H]His), and L-3-['!C]alanine (L-[!!C]-
Ala).?%%978 Contrasting results were obtained in another
study with [®H]-L.-Met, with no accumulation observed at the
infected site, and this discrepancy is hypothesized to be due to
the use of di erent bacterial strains.°®®® This non-stereo-
selectivity is due to the ability of bacteria to convert L-amino
acids to p-amino acids intracellularly using the amino acid
racemase pathway for metabolic incorporation into the
peptidoglycan. This hypothesis was supported by a previous
study that showed a significant accumulation of intracellular -
alanine pools over p-amino acids in cells treated with p-alanine
racemase alanine antibiotic (p-cycloserine).”” However,
experimental studies are required to validate peptidoglycan
metabolic incorporation of radiolabeled L-amino acids in
bacteria.*"~% Despite the results, biodistribution studies using
mouse infection models demonstrated similar target-to-non-
target (T/NT) ratios of 1 for both L- and p-amino acids,
therefore limiting the sensitivity of PET/CT diagnostics for
bacterial infection.”"®

p-Amino acids are incorporated through the cytoplasmic
pathway mediated by Ddl and MurF enzymes.®* Alternatively,
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Figure 4. PET/MRI images of p-[*!C]Met of a patient with suspected PJI. The yellow arrow indicates the MRI scan (A and D). Red and white
arrows indicate the localization of p-[*C]Met in the infected joint area by using PET (B and E) and PET/MRI (C and F), respectively. Reprinted
with permission from ref 70, published 2022 under a Creative Commons Attribution 4.0 International License.

Figure 5. Radiosynthesis of p-3-[*'C]Jalanine. Reproduced with permission from ref 72. Copyright 2020 American Chemical Society.

Figure 6. PET/CT biodistribution and corresponding ex vivo tissue data of p-[**C]Ala, [**F]JFDG, and [®*Ga]citrate in an acute infection mouse
model inoculated with live bacteria (red arrows) and heat-killed bacteria (white arrows). Reprinted with permission from ref 72. Copyright 2020

American Chemical Society.

Kuru et al.®> proposed periplasmic transpeptidase as the main p-cycloserine (DCS)-treated bacteria including L- and p-TP
pathway of p-amino acids incorporation in the peptidoglycan, mutant strains. Moreover, this study further disputes the
with reduced fluorescence intensity observed in B-lactams and cytoplasmic pathway metabolism with a persisting fluorescence
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Figure 7. Radiosynthesis of p-5-[}!C]glutamine. Reproduced with permission from ref 75. Copyright 2021 American Chemical Society.

Figure 8. PET/CT scans with corresponding ex vivo biodistribution of p-5-[*'C]GIn (A and C) vs .-5-[*!C]GIn (B and D) in healthy baseline and
infected mice: inoculated with live methicillin-resistant S. aureus (MRSA) (green arrow), E. coli (EC) (red arrow), and heat-killed bacteria (HK)
(yellow arrow). Reprinted with permission from ref 75. Copyright 2021 American Chemical Society.

Figure 9. Radiosynthesis of p-3-[*!C]Ala-p-Ala. Reproduced with permission from ref 72. Copyright 2020 American Chemical Society.

intensity observed for wild-type and Ddl mutant cells. Based
on these findings, the possibility of one- or two-way pathway
involvement in bacterial cell incorporation of p-amino acids is
substantiated.

Overall, several pre-clinical studies have demonstrated the
feasibility of radiolabeled p-amino acids as PET/CT infection
imaging agents with prospects for clinical translation. However,
one concern noted is the observed active metabolism by the
microbiome and other non-infected organs, which might result
in data misinterpretation. A limitation would also be the ability
of fungi to utilize p-amino acids in several metabolic activities,
including carbon and nitrogen absorption.?*” In particular, o-
amino acid-based PET tracers such as p-5-[1'C]GIn have been
shown to image fungal infection with high specificity.®®
Consequently, the ability of the relevant tracers to di erentiate
bacterial infections from fungal infections in the clinical setting
would be compromised. In addition, the development of 6F-

277

labeled p-amino acids is hampered by Eoor radiochemical yield
and possible defluorination in vivo.”>®” Despite the mentioned
limitations, the reported tolerance of Lp-transpeptidase to
di erent modifications at the C-terminal creates an oppor-
tunity to design a library of p-amino acid analogs with more
optimized radiosynthesis and a favorable output of primary
pharmacology. Moreover, the di erentiation of pathogen-
(bacteria vs fungi), bacterial species-, or phenotype-specific
PET imaging might be realized, thus improving guided therapy
and identifying antibiotic-resistant strains.”>%>*

3.2. p-Amino Acid Dipeptide-Based Probes. During
peptidoglycan biosynthesis, metabolic incorporation of the p-
Ala-p-Ala dipeptide at the tripeptide terminal by MurF results
in a pentapeptide chain (lipid 1), which is ultimately
incorporated into the existing peptidoglycan chain. This
early-stage pathway has been targeted for cell wall imaging
using a fluorescent p-Ala-p-Ala dipeptide analog.® The
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Figure 10. Radiosynthesis of 2-deoxy-2-[*®F]fluoroacetamido-p-glucopyranose. Reproduced with permission from ref 112. Copyright 2011 Elsevier

Inc.

successful incorporation of p-Ala-p-Ala also requires binding
compatibility with the MurF enzyme, which has high specificity
for the C-terminal residue. This was demonstrated by the
previous work with high bacterial uptake of fluorescence-
tagged p-amino acid dipeptide modified at the N-terminus
compared to C-terminal-modified probes reported.®>°* By
adapting the same labeling strategy, Parker et al.”” developed a
p-amino dipeptide for cell wall targeting by successfully
synthesizing a bp-3-[''C]alanyl-p-alanine (p-[!C]Ala-p-Ala)
probe via 'C-alkylation of the N-terminus of a p-Ala-p-Ala
glycine Schi  precursor followed by deprotection of the amine
groups (Figure 9). The in vitro screening of o-[*!C]JAla-p-Ala
showed uptake of 9 Bg/10° cfu in E. coli, which was nearly
quantitatively inhibited in heat-killed culture sample. In
addition, a partial in vitro screen using bp-[''C]Ala-p-Ala
showed uptake levels ranging from 5 to 35 Bg/10° cfu in
several other bacteria, which justifies further evaluation of in
vivo imaging by PET/CT.

In another study by Goodell > a [°H]A2pm-p-Ala dipeptide
was incorporated into the bacterial cell wall at a slow rate. This
might explain the lower uptake of o-[*'C]Ala-p-Ala in
comparison to p-["'C]JAla reported in a previous study.”
The study suggested periplasmic degradation of the dipeptide
into A2pm and p-Ala as substrates of carboxypeptidase before
transportation into the cytoplasm for re-integration into the
downstream pathway by the DId enzyme. This indicates a limit
of p-amino acid dipeptide-based probes in cell wall targeting
due to possible reduction in labeling signals, also reported
previously for a fluorescent-based tracer with the addition of
peptidoglycan-digesting enzyme (lysozyme).®* Unfortunately,
bacteria have a perpetual built-in resistance to 3-lactam-based
antibiotics by substituting terminal p-alanine with a variety of
p-amino acids, including p-lactate and p-serine.***> Therefore,
to address the mentioned limitation, Filp et al.”® have reported
the synthesis of a variety of 'C-labeled p-amino acid
dipeptides substituted with di erent amino acids at the
terminal residue, which could indeed preserve the probes
from degradation by carboxypeptidases. However, e orts
should be made to evaluate these dipeptide derivatives’ e cacy
in bacterial targeting and determine the value of PET imaging.

3.3. Park’s Nucleotide and Lipid-Based Probes. The
formation of lipid | is the initial membrane-based step of
peptidoglycan biosynthesis facilitated by MraY transferase.”” %
Previous studies used chemo-enzymatically synthesized UDP-
MurNAc-L-[**C]Ala-y-p-Glu-meso-A2pm/Lys-p-Ala-p-Ala
(UDP-MurNAc-[**C]pentapeptide) to study the biochemical
properties of this enzyme. They demonstrated the MraY
selectivity for UDP-MurNAc-pentapeptide analogs during
peptidoglycan synthesis, with high specificity observed toward
nucleotide substrates with alanine as opposed to glycine in
positions 1 and 4 rather than in position 5.°°7*%* In particular,
UDP-MurNAc-pentapeptides labeled with *C at the L-Ala/
A2pm position in the presence of MraY led to the formation of
lipid 1.*%° Subsequently, other studies showed that UDP-
MurNAc-pentapeptide derivatives modified with fluorescein at
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the meso-diaminopimelic acid (m-DAP) residue were more
e ciently incorporated into the cell wall of Gram-positive
bacteria compared to Gram-negative bacteria."*>*® This
evidence strongly supports the further investigation of 4C-
labeled UDP-MurNAc-peptide probes for specific targeting,
with possible di erentiation of infections caused by Gram-
positive and -negative strains, although PET/CT-suitable
probes using *®F and ''C have not been reported yet.

A further addition of lipid Il to the existing murine chain
generally occurs in the periplasmic space, facilitated by PBP.
Born et al."> and Bertsche et al."® used the in vitro murine
synthesis assay to study the transglycosylation and trans-
peptidation reactions which catalyze the cross-linking of glycan
and peptide chains, respectively, using an enzymatically
produced [*“C]GIcNAc-labeled lipid 11 as PBP substrate.
Consequently, the catalytic recognition and turnover of
[**C]GIcNAc-labeled lipid 11 by PBP may be an interesting
strategy for bacterial characterization in vivo, which has not yet
been reported. Of note, Sadamoto et al.'% attempted this
approach in live bacteria using fluorescently labeled lipid 1/11
derivatives; unfortunately, the cells did not take up these
probes. The group hypothesized that the lack of uptake might
be due to the low a nity of glycosyltransferases (TGase)
toward lipid Il analogs, with shorter lipid chains a ecting
transglycosylation,"® or due to the high molecular weight
(>1000 g/mol) of these derivatives preventing extracellular
membrane permeability. As the intra- and extracellular
entrapment of precursor lipids I/11 is a key step in
peptidoglycan synthesis,*® the latter findings might deter
translation into nuclear infection imaging. Park’s nucleotides
and lipid-derived substrates in bacteria-targeting research are
mainly limited due to the complex synthetic processes involved
in developing structurally similar compounds. However, newly
developed chemical and enzymatic synthesis methods have
opened up the opportunity to design precursors with di erent
madifications for the possible incorporation of radioisotopes.
Therefore, further exploration in bacterial uptake studies using
Gram-positive strains is recéuired to assess their role and value
for infection imaging.**"*°

3.4. Carbohydrate/Glycan Core-Based Probes. Both N-
acetylmuramic acid (MurNAc) and N-acetylglucosamine
(GIcNAc) are the first amino sugar substrates of the
peptidoglycan hbiosynthesis, forming the backbone of the
polymer chain. Most bacteria are capable of recycling
exogenous GIcNAc and MurNAc substrates through phos-
phorylation by cytoplasmic kinase MurK, resulting in GIcNAc-
6-phosphate for initiation of peptidoglycan biosynthesis, cell
wall macromolecules (lipopolysaccharides, teichoic acids), or
catabolic pathway of glycolysis."®>~*** Rapid uptake and
integration of [*H]GIcNAc into peptidoglycan were reported
in a previous study.”® A follow-up study by Martinez et al.**?
synthesized an N-acetyl-np-glucosamine analog for bacterial
uptake and imaging for the first time (Figure 10). This study
used ®F-labeled 1,3,4,6-tetra-O-acetyl-2-deoxy-2-bromo-
acetamido-p-glucopyranose followed by hydrolysis to synthe-
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