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ABSTRACT Muraymycins are antibacterial natural products from Streptomyces spp.
that inhibit translocase | (MraY), which is involved in cell wall biosynthesis. Structur-
ally, muraymycins consist of a 5’-C-glycyluridine (GlyU) appended to a 5"-amino-5"-
deoxyribose (ADR), forming a disaccharide core that is found in several peptidyl nu-
cleoside inhibitors of MraY. For muraymycins, the GlyU-ADR disaccharide is further
modified with an aminopropyl-linked peptide to generate the simplest structures,
annotated as the muraymycin D series. Two enzymes encoded in the muraymycin
biosynthetic gene cluster, Mur29 and Mur28, were functionally assigned in vitro as a
Mg-ATP-dependent nucleotidyltransferase and a Mg-ATP-dependent phosphotrans-
ferase, respectively, both modifying the 3"-OH of the disaccharide. Biochemical char-
acterization revealed that both enzymes can utilize several nucleotide donors as co-
substrates and the acceptor substrate muraymycin also behaves as an inhibitor.
Single-substrate kinetic analyses revealed that Mur28 preferentially phosphorylates a
synthetic GlyU-ADR disaccharide, a hypothetical biosynthetic precursor of muraymy-
cins, while Mur29 preferentially adenylates the D series of muraymycins. The adeny-
lated or phosphorylated products have significantly reduced (170-fold and 51-fold,
respectively) MraY inhibitory activities and reduced antibacterial activities, compared
with the respective unmodified muraymycins. The results are consistent with Mur29-
catalyzed adenylation and Mur28-catalyzed phosphorylation serving as complemen-
tary self-resistance mechanisms, with a distinct temporal order during muraymycin
biosynthesis.
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uraymycins, produced as a mixture of nearly 20 congeners by Streptomyces sp.

NRRL 30471 (also known as Streptomyces sp. LL-AA896), are peptidyl nucleoside
antibiotics that were discovered using a screen to identify inhibitors of the lipid cycle
of peptidoglycan cell wall biosynthesis (1, 2) (G. Carter, J. Lotvin, and L. A. McDonald,
international patent application WO 2002085310 A2 20021031). Detailed investigations
into their mechanisms of action subsequently revealed muraymycins to be potent and
selective inhibitors of translocase | (MraY), which catalyzes the initiating step of the lipid
cycle (3, 4). As a consequence of MraY inhibition, many muraymycin congeners are
endowed with antibacterial activity. Notably, muraymycin A1, one of the more active
congeners, displays a relatively broad antibacterial spectrum with modest activity
against Gram-positive bacteria, including Staphylococcus aureus, and Gram-negative
bacteria, including strains of Escherichia coli and Pseudomonas aeruginosa (1, 2). Addi-
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FIG 1 Structures of representative peptidyl nucleoside antibiotics with an ADR-GlyU disaccharide core.

tionally, muraymycin D1 was recently shown to have good activity against Mycobac-
terium tuberculosis (4).

Structurally, muraymycins belong to a larger family of peptidyl nucleoside MraY
inhibitors that share a core consisting of a 5'-C-glycyluridine (GlyU) that is appended
with a 5”-amino-5"-deoxyribose (ADR) moiety via a standard O-glycosidic bond (ADR-
GlyU disaccharide) (Fig. 1). FR-900493 is structurally the simplest of this family known
to have antibacterial activity and consists of the ADR-GlyU disaccharide core 6'-N-
alkylated with an aminopropyl group (K. Ochi, M. Ezaki, M. lwami, T. Komori, and M.
Kohsaka, European patent application EP 333177 A2 19890920). A-90289 compounds,
caprazamycins, and liposidomycins (herein collectively termed A-90289-type com-
pounds) (5-7), sphaerimicins (8), and muraymycins also contain a 6’-N-alkyl substituent
that is further modified, leading to structural distinctions among these three types (Fig.
1). Notably, muraymycins are the sole members of this family to have a linear peptide
attached to the 6'-N-alkyl substituent, and variations within this peptide lead to the
different series of muraymycin congeners that were initially reported (1). The D series
of muraymycins contain L-Leu as part of the peptide, while the C series contain a
B-hydroxylated L-Leu that can be acylated with an aliphatic, branched-chain, fatty acid
(B series) or an acyl group containing a terminal guanidinium group (A series). In
addition to the standard 2"-OH version of the ADR moiety that is exemplified in
muraymycin D2, congeners with a 2"-methoxy ADR (for example, muraymycin D1) or a
2"-deoxy ADR (for example, muraymycin D3) have been isolated. Although they tend to
be the least potent, the D series muraymycins are nonetheless strong inhibitors of
MraY, with 50% inhibitory concentration (IC,,) values near 10 nM, depending on the
source of MraY (2, 3). Hydroxylation and acylation, which lead to the A to C series,
significantly improve the IC;, values to the low picomolar range (9).

Recently, a new muraymycin (C6) acetylated at the 5"-amine of the ADR moiety, with
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modestly reduced (=6-fold) IC,, values against recombinant MraYs from different
sources, was isolated (10). In a separate report, a 3"-O-phosphorylated caprazamycin
precursor called caprazol-3"-phosphate was unexpectedly isolated following inactiva-
tion of ¢pz23, encoding a putative SGNH hydrolase, although in that case the inhibitory
or antibacterial activity of the phosphorylated variant was not tested (11). Covalent
modifications of these types (phosphorylation and acetylation), along with nucleotidy-
lation, are often found as mechanisms of resistance to antibiotics, most notably
aminoglycosides (12-15). The same types of covalent modifications appear to be
utilized by aminoglycoside-producing strains, inasmuch as homologous genes coding
for such resistance enzymes are often clustered with the biosynthetic genes (16-18).
However, the reported muraymycin gene cluster lacks any candidate gene coding for
an acetyltransferase (19). Instead, the gene cluster codes for a pair of proteins, Mur29
and Mur28, that potentially catalyze the remaining two types of covalent modifications
that are commonplace for aminoglycoside resistance, namely, nucleotidylation and
phosphorylation, respectively. Of the known biosynthetic gene clusters for peptidyl
nucleoside MraY inhibitors, Mur28 homologs are encoded in all of the biosynthetic
gene clusters with two homologs encoded within the gene cluster for A-90289-type
MraY inhibitors (20-23); the only exception to this is the sphaerimicin gene cluster,
which lacks a Mur28 homolog. Conversely, a Mur29 homolog is encoded only within
the sphaerimicin gene cluster (8).

As part of our goal to elucidate potential mechanisms of resistance to the
peptidyl nucleoside antibiotics, we now provide in vitro data to support the
functional assignment of Mur29 and Mur28 as a Mg-ATP-dependent nucleotidyl-
transferase and a Mg-ATP-dependent phosphotransferase, respectively, which co-
valently modify the same site, the 3"-OH of the ADR component of muraymycins.
Examination of the substrate specificity and single-substrate kinetic analysis using
muraymycins D1 to D3 and a hypothetical biosynthetic intermediate prepared
through synthesis, however, suggest a distinct temporal order for Mur29 and Mur28
catalysis during biosynthesis. The antimicrobial and MraY inhibitory activities of the
adenylated or phosphorylated products, compared with the respective unmodified
versions, are reported, enabling us to propose distinct and complementary roles for
Mur29 and Mur28 in the resistance and biosynthesis of muraymycin. Finally, a
preliminary attempt to functionally characterize TmrB from Bacillus subtilis is re-
ported, and the unexpected results are provided herein.

RESULTS

Functional insight through bioinformatic analysis. Primary sequence analysis by
BLAST revealed that Mur29 consists of two conserved domains, an N-terminal nucle-
otidyltransferase domain of DNA polymerase subunit 8 and a C-terminal DUF4111
superfamily/PRK13746 domain. PRK13746-domain-containing proteins are provisionally
annotated as aminoglycoside resistance proteins. Secondary structure-based prediction
using HHPred suggested structural similarity to Salmonella enteric aminoglycoside
O-adenylyltransferase (annotated as AadA; PDB accession no. 4CS6), which catalyzes
Mg-ATP-dependent adenylation of spectinomycin and streptomycin (24), and Staphy-
lococcus aureus kanamycin nucleotidyltransferase [annotated as ANT(4'); PDB accession
no. 1KNY], which adenylates several distinct aminoglycosides at the 4’- or 4”-hydroxyl
substituent, depending on the identity of the aminoglycoside (25). Pairwise alignment,
however, revealed only 17% sequence identity with respect to those proteins. Se-
quence alignment of Mur29 and the homologous gene product SphT encoded in the
sphaerimicin gene cluster revealed 48% sequence identity.

Bioinformatic analysis revealed that Mur28 belongs to the nucleoside triphosphate
hydrolases containing the P-loop conserved domain, which include several types of
nucleoside/nucleotide kinases. Proteins with the greatest sequence identity (~47%),
notably present in both Gram-positive and Gram-negative bacteria, are annotated as
tunicamycin resistance proteins (TmrB). Pairwise alignment of Mur28 with Bacillus
subtilis TmrB, which contains the same conserved domain and confers resistance to
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tunicamycin upon heterologous expression of the gene, had lower sequence identity,
which was nonetheless significant at 34% (see Table S1 in the supplemental material)
(26-28). Sets of homologous genes encoding proteins with similarity to Mur28 are
located in each of the A-90289-type gene clusters, represented by LipX (36% sequence
identity) and Lipl (23% sequence identity) for A-90289 (Table S1).

In vitro functional assignment and characterization of recombinant Mur29. The
three known congeners of the muraymycin D series, which differ only at the 2"
substituent of the ADR-GlyU disaccharide core (Fig. 1), were isolated from Streptomyces
sp. NRRL 30475, a previously reported mutant strain of Streptomyces sp. NRRL 30471
(Carter et al., international patent application W02002085310 A2 20021031). Mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy data were
consistent with their identities as muraymycin D1 (Fig. S1 to S6), muraymycin D2 (Fig.
S7 to S11), and muraymycin D3 (Fig. S12 and S13). The ADR-GlyU disaccharide, the likely
biosynthetic precursor of muraymycin D1 and D2, as well as the other members of the
peptidyl nucleoside MraY inhibitors (Fig. 1), was prepared based on the synthetic
methodology developed by Ichikawa and coworkers, with slight modifications (29, 30).
MS and NMR spectroscopy data were comparable to those in the prior report and
similarly consistent with the identity of the disaccharide (Fig. S14 to S18).

Mur29 was produced in E. coli BL21(DE3) as a maltose-binding protein (MBP) fusion,
to obtain soluble protein for in vitro assays. Using high-performance liquid chromatog-
raphy (HPLC) analysis to monitor the reaction, incubation of recombinant Mur29 with
muraymycin D1 and ATP revealed a new peak eluting with a longer retention time,
relative to muraymycin D1 (Fig. 2A). High-resolution (HR) MS analysis of the purified
product revealed an (M+H)* ion at m/z 1,259.5045, consistent with the molecular
formula of C,gH,sN,50,,P, corresponding to monoadenylated muraymycin D1 (ex-
pected m/z 1,259.5052) (Fig. S19). "H NMR spectroscopy data (Fig. S20 and S21) were
also consistent with the adenylation of muraymycin D1 (Fig. 2B), and comparison of the
substrate and product spectra revealed a clear downfield shift of the 3" proton (Fig. 2C).
Thus, the results are consistent with Mur29 catalyzing regioselective adenylation to
yield the product 3"-AMP-muraymycin D1 (D1-AMP).

To provide insight into the specificity and timing of adenylation during muraymycin
biosynthesis, the activity of Mur29 was tested with the remaining two D series conge-
ners and the ADR-GlyU disaccharide. In contrast to the disaccharide, which was not a
substrate for Mur29, both muraymycin D2 and muraymycin D3 yielded products, with
(M+H)* ions at m/z 1,246.2 and 1,229.2, respectively, consistent with monoadenylated
products (expected m/z 1,245.5 for D2-AMP and 1,229.5 for D3-AMP) (Fig. S22 and S23).
The lack of activity with the ADR-GlyU disaccharide is consistent with the Mur29
reaction occurring after the addition of the aminopropyl linker. Single-substrate kinetic
analysis with different muraymycin D1, D2, and D3 concentrations revealed non-
Michaelis-Menten kinetics, with modest substrate inhibition, for all three substrates
(Fig. 3A to C). Comparison of the second-order rate constants from the extracted kinetic
parameters did not reveal a clear substrate preference (Table 1).

Specificity toward the nucleotide triphosphate cosubstrate was also examined using
muraymycin D1 as an acceptor. HPLC and liquid chromatography (LC)-MS analysis
revealed that the other canonical ribonucleotide triphosphates could substitute for ATP
to generate the corresponding mononucleotide muraymycin D1 (Fig. S24 to S26).
Nucleotides dATP and dTTP were also used by Mur29 as group donors (Fig. S27 and
S28). The highest specific activity, however, was observed with ATP (Fig. 3D). Finally, the
addition of 20 mM EDTA abolished the reaction, consistent with the requirement for
magnesium for activity. Thus, the data are consistent with the functional assignment of
Mur29 as a Mg-ATP:muraymycin 3"-adenylyltransferase.

In vitro functional assignment and characterization of Mur28. His,-Mur28 was
initially produced in Streptomyces lividans TK24, to obtain soluble protein for in vitro
assays. In contrast to Mur29, incubation of recombinant Mur28 with muraymycin D1
and ATP did not reveal any new peaks. However, HPLC analysis of an overnight
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FIG 2 Functional assignment of Mur29. (A) HPLC analysis after 12 h of incubation without Mur29 (i) and 12 h of
Mur29-catalyzed reaction (ii). Data were collected using GP1, as described in the supplemental material. The arrowhead
denotes the peak corresponding to D1-AMP. A, absorbance at 260 nm. (B) Structure of 3"-monoadenylated mura-
mycin D1. (C) Comparison of the "H NMR spectra for muraymycin D1 and the Mur29 product.

incubation of Mur28 with ATP and muraymycin D2, which is the likely direct biosyn-
thetic precursor of muraymycin D1, revealed the appearance of a new peak eluting
after muraymycin D2 (Fig. 4A). The new peak was collected by semipreparative HPLC,
and HR MS analysis of the purified product revealed an (M+H)* ion at m/z 996.4050,
consistent with the molecular formula of C5,H4,N,,0,4P, corresponding to monophos-
phorylated muraymycin D2 (expected m/z 996.4034) (Fig. S29). "H NMR spectroscopy
data (Fig. S30 and S31) were also consistent with phosphorylation of muraymycin D2
(Fig. 4B) and, similarly to the Mur29-catalyzed adenylation of muraymycin D1, compar-
ison of the substrate and product spectra revealed a clear downfield shift of the 3”
proton (Fig. 4C). To provide further evidence for classic kinase activity, the Mur28-
catalyzed reaction was performed with [y-P'80,]ATP. LC-MS analysis of the monophos-
phorylated product revealed a shift of +6.0 amu, consistent with the incorporation of
the y-phosphate of ATP into muraymycin D2 (Fig. S32). Mur28 was also produced from
E. coli BL21(DE3) as a MBP fusion protein, and comparable results were obtained. Thus,
the data are consistent with Mur28 catalyzing regioselective phosphorylation to yield
the product 3"-phospho-muraymycin D2 (D2-PHOS).

The specificity and timing of phosphorylation during muraymycin biosynthesis were
subsequently investigated. LC-MS analysis of Mur28 reactions with the hypothetical
substrates muraymycin D3 and ADR-GlyU disaccharide yielded new peaks with (M+H)*
ions at m/z 980.1 and 527.0, respectively, consistent with the formation of a mono-
phosphorylated product (expected m/z 980.4 for D3-PHOS and 527.1 for ADR-GlyU-
PHOS) (Fig. S33 and S34). Single-substrate kinetic analysis with different muraymycin
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muraymycin D3 (C). (D) Relative activity of Mur29 with muraymycin D1 and different nucleotide donors.

D2 and D3 concentrations revealed non-Michaelis-Menten kinetics with modest sub-
strate inhibition, while analysis with the ADR-GlyU disaccharide revealed typical
Michaelis-Menten kinetics (Fig. 5). Second-order rate constants from the extracted
kinetic parameters revealed >60-fold higher catalytic efficiency with ADR-GlyU, relative
to muraymycin D2, consistent with phosphorylation occurring prior to the attachment
of the aminopropyl-linked peptide.

LC-MS analysis of reactions using muraymycin D2 as the acceptor revealed that
Mur28 uses alternative phosphate donors, similar to results for Mur29 (Fig. S35). The
highest activity was achieved with ATP, although good conversion was observed with
dATP, dTTP, and the remaining ribonucleotide triphosphates (Fig. 5D). Unexpectedly,
ADP, the commercial source of which had no detectable ATP (Fig. S36), was also utilized
as a cosubstrate, although D2-PHOS was detected in only trace amounts, suggesting
that this activity is insignificant in vivo. Finally, similar to results for Mur29, the inclusion
of magnesium was essential for activity. In total, the data are consistent with the
functional assignment of Mur28 as a Mg-ATP:ADR-GlyU 3"-phosphotransferase.

Insight into the function of the Mur28 homolog B. subtilis TmrB. B. subtilis TmrB,
which has never been functionally assigned in vitro except for its ability to bind ATP (24,
26) and tunicamycin (25), was initially targeted to serve as a control, due to its modest
sequence similarity to Mur28. Soluble His,-TmrB and MBP-TmrB fusion protein were
obtained using E. coli BL21(DE3) as an expression host. With the use of HPLC to monitor

TABLE 1 Kinetic parameters for Mur29 and Mur28

Enzyme and
substrate K., (uM)e K; (nM) K o (Min=1) Kkeao/Ky (M~ s71) Relative k_,/K,, value (%)
Mur29
Muraymycin D1 14+ 2 (46 +14) X 103 1.4 £0.1 1.7 X 103 100
Muraymycin D2 41 *+8 (4.9 £1.1) X 102 4.0+ 04 1.6 X 103 94
Muraymycin D3 39+ 10 (26 +0.8) X 102 2404 1.0 X 103 59
ADR-GlyU NA NA NA NA NA
Mur28
Muraymycin D1 NA NA NA NA NA
Muraymycin D2 (1.7 £04) X 10?2 (5.6 = 1.0) X 102 52*+0.7 5.1 X 10?2 1.5
Muraymycin D3 ND ND ND ND ND
ADR-GlyU 38+ 4 NA 75*2 33 X 104 100

aNA, not applicable; ND, not determined.
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FIG 4 Functional assignment of Mur28. (A) HPLC analysis after 12 h of incubation without Mur28 (i) and 12
h of Mur28-catalyzed reaction (ii). Data were collected using GP1. The arrowhead denotes the peak
corresponding to D2-PHOS, and the asterisk denotes an unidentified peak. A, absorbance at 260 nm. (B)
Structure of 3"-phospho-muraymycin D2. (C) Comparison of the "H NMR spectra for muraymycin D2 and the
Mur28 product.

the reaction, recombinant TmrB did not have any phosphotransferase activity when
incubated with ATP and commercial tunicamycin. Unexpectedly, however, LC-MS
analysis revealed that TmrB was able to phosphorylate muraymycin D2 and ADR-GlyU
using ATP as the phosphate donor (Fig. S37). The conversion of both was comparable
to the Mur28-catalyzed reactions. Similarly, a trace amount of D2-PHOS was detected
with ADP as the phosphate donor. In contrast to Mur28, however, no other nucleotide
triphosphates were substrates for B. subtilis TmrB.

Potential roles of Mur29 and Mur28 in self-resistance. The possibility that Mur29
or Mur28 plays a role in self-resistance to muraymycins was explored using three
complementary approaches. We first examined the antibacterial activity of muraymycin
D1 and D2 against E. coli BL21(DE3) harboring the mur29, mur28, or tmrB expression
plasmids (Table 2). E. coli BL21(DE3) harboring an expression plasmid for mur20,
encoding a putative aminotransferase likely involved in ADR biosynthesis, was used as
a control. Both muraymycin D1 and D2 have low antibacterial activity against plasmid-
free E. coli BL21(DE3) or strains expressing mur20, with MICs determined in the range
of 16 to 32 wg/ml. A similar MIC for muraymycin D1 (32 ng/ml) was obtained for E. coli
BL21(DE3) expressing mur28 or tmrB. However, E. coli BL21(DE3) expressing mur29 was
resistant to muraymycin D1 (MIC of >256 ug/ml). E. coli BL21(DE3) cells expressing
mur29, mur28, or tmrB were all resistant to muraymycin D2 (MIC of >256 ug/ml). These
results were consistent with the substrate selectivity of each enzyme that was revealed
through in vitro assays.

The purified Mur29 and Mur28 products (D1-AMP and D2-PHOS, respectively) were
next screened against Mycobacterium smegmatis and E. coli DH5a/AtolC (Table 2). Both
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saturating ATP concentration and various concentrations of muraymycin D2 (A), muraymycin D3 (B),
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*, 0.74%.

strains are more sensitive to the unmodified muraymycins than is E. coli BL21(DE3),
yielding MICs of 4 ug/ml for muraymycin D1 and D2 against M. smegmatis and 1 ug/ml
for muraymycin D1 and D2 against E. coli DH5a/AtolC. In contrast, D1-AMP and
D2-PHOS were inactive against M. smegmatis (MICs of >256 ug/ml). Somewhat unex-
pectedly, both modified muraymycins retained some activity, albeit significantly re-
duced, against efflux-deficient E. coli DH5a/AtolC (MICs of 16 wg/ml). Consequently, we
explored the possibility that D1-AMP was hydrolyzed in the presence of E. coli DH5a/
AtolC or upon treatment with the growth conditions, leading to some muraymycin D1
that could effectively kill the strain. However, only D1-AMP was recovered after
overnight incubations in LB medium with or without E. coli AtolC (Fig. S38), suggesting
that D1-AMP and likely D1-PHOS are stable under these conditions. Nevertheless, the
significant decrease in antibacterial activity upon covalent modification of the muray-
mycins is consistent with the conferred resistance that was observed upon heterolo-
gous expression of mur29 and mur28 in E. coli BL21(DE3).

The third and final approach to examine a potential role in self-resistance was to
screen D1-AMP and D2-PHOS for inhibitory activity against recombinant Staphylococcus
aureus MraY in vitro. In contrast to muraymycin D1 and D2, which were determined to
be subnanomolar inhibitors of S. aureus MraY, with IC;, values of 0.48 = 0.13 nM and
0.39 * 0.11 nM, respectively, D1-AMP and D2-PHOS were significantly less potent, with
IC5, values of 82 = 32 nM and 20 = 5 nM, respectively. Therefore, direct inhibition of
the translocase | target is positively correlated with the whole-cell antibacterial activity.

DISCUSSION
The results support the functional assignment of Mur29 as a nucleotidyltransferase
and Mur28 as a phosphotransferase, both of which were predicted from bioinformatic

TABLE 2 Bacterial MraY in vitro assays and antimicrobial activity

Antimicrobial Agents and Chemotherapy

MIC (pg/ml)

- IC5o (NM),
£ B E. coli AtolC, no S. aureus
Compound? No plasmid pET30-mur20 pET30-mur29 pET30-mur28 pET30-tmrB  plasmid M. smegmatis MraY
Muraymycin D1~ 32 32 >256 32 32 1 4 0.48 =0.13
Muraymycin D2 32 16 >256 >256 >256 1 4 0.39 £ 0.11
D1-AMP >256 ND ND ND ND 16 >256 82 =32
D2-PHOS >256 ND ND ND ND 16 >256 20+ 5

aD1-AMP, monoadenylated muraymycin D1; D2-PHOS, monophosphorylated muraymycin D2; ND, not determined.
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analyses. Unexpected, however, was the discovery that the two enzymes covalently
modify the same site (the 3"-hydroxyl substituent of the ADR-GlyU disaccharide core),
as clearly evident from the "H NMR spectra, which revealed a downfield shift of the C-3"
proton of the enzymatic products relative to the respective substrates. The magnitude
of the chemical shift is consistent with findings for other enzymes that adenylate or
phosphorylate sugars, including the numerous aminoglycoside-modifying enzymes
that have been investigated because of their roles in resistance (31-34). Covalent
modification at the same site by Mur29 and Mur28 raised the question of whether these
modifications occur contemporaneously or at different stages during biosynthesis.
Thus, an in-depth investigation into the biochemical properties of Mur29 and Mur28
was pursued, with the goal of establishing the substrate specificity while providing
additional evidence to support the functional role of each enzyme.

We first characterized the nucleotidyltransferase Mur29 with the structurally sim-
plest muraymycins, i.e., muraymycins D1, D2, and D3. The D series was utilized as
representatives of all muraymycins in part due to (i) the higher fermentation titers,
relative to the other congeners, and (ii) the realization that, in our hands, the D series
was the only group for which we could readily isolate all three muraymycin congeners
with 2" variations in the ADR. Furthermore, although they are generally the congeners
with the weakest antibacterial activity, the D series muraymycins are still very potent
MraY inhibitors; therefore, the potential role in self-resistance upon modification could
be examined. Biochemical investigation of Mur29 revealed properties that were quite
comparable to those observed for aminoglycoside nucleotidyltransferases, such as the
aforementioned AadA and S. aureus ANT(4'), as well as the kinetically well-characterized
aminoglycoside adenylyltransferase ANT(2")-la (35-40). The comparable properties in-
clude the ability to catalyze nucleotidyl transfer with several nucleotide donors and the
observed substrate inhibition with respect to the nucleotide acceptor. Furthermore, the
extracted K,, and K; values for the D series muraymycins with Mur29 are close in
magnitude to those observed for ANT(2")-la with gentamicin B1 and C1, two of the
many aminoglycoside antibiotics that are turned over by ANT(2")-la (38). It is notewor-
thy, however, that the catalytic rate constants for Mur29 with each of the D series
muraymycins (k... values of 1 to 4 min—") are significantly reduced, compared to those
for ANT(2")-la with the aforementioned substrates (k,, values of 75 and 466 min—’,
respectively). Given that the D series muraymycins have been shown to be at least
175-fold less potent MraY inhibitors than the corresponding congeners of the A to C
series (9), it is tempting to speculate that turnover of Mur29, assuming that it truly
provides a self-resistance mechanism, would be significantly increased with the more
potent muraymycin congeners. Unfortunately, the production levels for the muraymy-
cins are limiting; therefore, this potential correlation will need to be evaluated following
the resolution of this bottleneck.

Mur28 was next functionally assigned as a Mg-ATP-dependent 3"-phosphotransferase
that, in contrast to Mur29, modifies the potential biosynthetic intermediate ADR-GlyU
disaccharide. Although Mur28 can recognize and modify muraymycin D2, the catalytic
efficiency is significantly reduced (>60-fold), compared to that for ADR-GlyU disaccharide.
Furthermore, the extracted kinetic constants (K,, and k.., for Mur28 with ADR-GlyU are
comparable to those reported for several aminoglycoside phosphotransferases, such as the
E. coli aminoglycoside 3’-phosphotransferase APH(3')-llla (K,,, and k. values in the range of
10 to 35 uM and 60 to 240 min—', respectively) (31). Thus, the data are consistent with
Mur28 catalysis occurring prior to the attachment of the aminopropyl-linked peptide. These
conclusions are supported by the discovery of phosphorylated caprazol from a
caprazamycin-producing strain (11), suggesting that phosphorylation occurs prior to com-
plete fabrication of A90289-type antibiotics.

The functional assignment of Mur28 was guided by the annotations of similar
proteins, such as the tunicamycin resistance protein TmrB. The modest sequence
identity of Mur28 with respect to bona fide B. subtilis TmrB suggested that these two
proteins might have similar if not identical functions. Indeed, B. subtilis TmrB was shown
to phosphorylate muraymycin D2, with enzymatic activity comparable to that of Mur28.
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Rather perplexing, however, was the lack of phosphotransferase activity with tunica-
mycin, although this is consistent with past efforts to characterize the function of B.
subtilis TmrB, in which phosphorylation of tunicamycin was never detected (26-28). As
a consequence of these negative data, the mechanism of how B. subtilis TmrB confers
resistance to tunicamycin remains an enigma. Nevertheless, the results do demonstrate
a phosphotransferase activity associated with B. subtilis TmrB, which has long been
predicted based on bioinformatic analyses but has never been demonstrated in vivo or
in vitro.

The cocrystal structure of Aquifex aeolicus MraY with muraymycin D2 has recently
been solved (41, 42), and the ADR-GlyU component plays a critical role in muraymycin
binding. Notably, the ADR component fits into a compact pocket, with the 2"-OH
forming a hydrogen bond with the side chain of T75 and the 3"-OH forming a hydrogen
bond with the nitrogen of the peptide backbone between M263 and G264. Interest-
ingly, however, the muraymycin ADR variants D1, D2, and D3 have comparable A.
aeolicus MraY inhibition and antibacterial activities, suggesting that the 2”-OH hydro-
gen bond is not essential. In contrast, the results provided here suggest that modifi-
cation of the 3"-OH matters, as adenylation or phosphorylation significantly decreases
the inhibitory activity (170-fold and 51-fold, respectively) with S. aureus MraY, which has
a high level (~50%) of sequence similarity to A. aeolicus MraY, including strict conser-
vation of residues involved in inhibitor binding and catalysis. The reduction in IC;,
values, notably upon adenylation, is comparable in magnitude to that observed upon
phosphorylation of capuramycin, a structurally distinct nucleoside antibiotic that also
inhibits MraY (34).

In total, the data support covalent modifications by phosphorylation and adenyla-
tion playing a role in self-resistance. The finding of two distinct types of covalent
modifications as self-resistance mechanisms is perhaps not surprising, but the realiza-
tion that the two modifications occur at the same site is quite unusual and unexpected.
From a chemical and biosynthetic perspective, muraymycin is likely produced using
convergent assembly from two distinct entities, the alkylated ADR-GlyU disaccharide
core and the peptide component. In support of this, as noted previously, the former
component is found in several nucleoside antibiotics, including FR-900493 from Bacillus
cereus, which, unlike the other nucleoside antibiotics, is not modified with any addi-
tional functional groups. It is tempting to speculate that the muraymycin-producing
strain acquired the genetic information, including the Mur28-encoding gene, to pro-
duce the “simple” antibiotic unit (FR-900493 or a similar alkylated disaccharide core) via
a horizontal gene transfer event. As a consequence, the phosphorylation mechanism of
self-resistance was in place to protect against the production of this simple antibiotic
unit, which is consistent with the biochemical data provided here for Mur28, as well as
the aforementioned discovery of phosphorylated caprazol. The biosynthesis of the
remaining peptide component, which not only is structurally unique to the muraymy-
cins but also imparts substantially improved biological activity to the compounds, is
directed by a distinct set of genes. It is likely that the producing strain evolved the
ability to assembly the peptide component and to attach it to the alkylated disaccha-
ride core, essentially generating a hybrid molecule. The merging of the two genetic
units to generate such a hybrid, a general process that is colloquially described as
“changes to the gene roster” and is observed for several other natural products (43),
was concurrently accompanied by the installment of a nucleotidylation resistance
mechanism, given the inefficiency of Mur28-catalyzed phosphorylation following pep-
tidation. Despite the acquisition of self-resistance through Mur29-catalyzed nucleoti-
dylation, phosphorylation is likely retained due to the substrate selectivity of the
N-alkylated enzyme and/or other enzymes or transport proteins functioning down-
stream of Mur28. This hypothetical scenario is now under investigation.

In conclusion, we have provided evidence to support the functional assignment of
Mur29 as a Mg-ATP-dependent muraymycin 3"-adenylyltransferase and Mur28 as a
Mg-ATP-dependent ADR-GlyU 3"-phosphotransferase. The biochemical data, along with
consideration of MraY inhibition, lead us to conclude that ADR-GIyU is the authentic
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in vivo substrate of Mur28, as the kinetic parameters are in line with those of other
phosphotransferases and attachment of the aminopropyl group leads to the first active
antibiotic scaffold, FR-900493. Thus, we propose that transient phosphorylation occurs
inside the cell and protects the producing strain from MraY self-inhibition during
antibiotic maturation. Following phosphorylation, muraymycin biosynthesis is pro-
posed to be completed by downstream, currently uncharacterized enzymes, with
muraymycin then being transported out of the cell and dephosphorylated by an
unknown enzyme. In contrast to Mur28, the biochemical data indicate that Mur29
functions after peptidation. Therefore, as opposed to a preventive resistance mecha-
nism that is the likely consequence of Mur28-catalyzed phosphorylation, we hypothe-
size that Mur29-catalyzed adenylation provides a protective resistance mechanism in
the case of intracellular accumulation of muraymycins. In terms of clinical implications,
the functional assignment of both Mur29 and Mur28 will now enable sequence-based
searches to identify potential related catalysts encoded in the genomes of pathogenic
bacteria. Minimally, the results suggest that the 3"-OH of muraymycins might be labile
to covalent modifications in the clinic, thus presenting a potential Achilles heel for
muraymycin therapeutic applications, assuming the status quo.

MATERIALS AND METHODS

Chemicals, reagents, and instrumentation. Nucleotides, buffers, salts, and medium components
were purchased from Sigma-Aldrich (St. Louis, MO) or Alfa-Aesar (Ward Hill, MA). Synthetic oligonucle-
otides were purchased from Integrated DNA Technologies (Coralville, IA) and are listed in Table S2 in the
supplemental material. Genomic DNA from Streptomyces sp. NRRL30473 was extracted using the
UltraClean microbial DNA isolation kit (MoBio Laboratories), following the manufacturer’s protocol. DNA
quality and concentrations were confirmed using a Nanodrop 2000c spectrophotometer (Thermo
Scientific) and gel electrophoresis. The tmrB gene from Bacillus subtilis (GenBank accession number
WP_042977443) was synthesized by GenScript to give pET28-tmrB.

Analytical HPLC was performed with an Agilent 1200 series (Agilent Technologies, Santa Clara, CA)
or Dionex Ultimate 3000 (Dionex, Sunnyvale, CA) HPLC system equipped with a diode array detector and
an analytical Apollo C,g column (250 by 4.6 mm, 5 um) purchased from Grace (Deerfield, IL). Semi-
preparative HPLC was performed with a Waters 600 controller and pump (Waters, Milford, MA) equipped
with a 996 diode array detector, a 717plus autosampler, and an Apollo C,; column (250 by 10 mm, 5 um).
LC-MS was conducted with an Agilent 6120 quadrupole MSD mass spectrometer (Agilent) equipped with
an Agilent 1200 series quaternary LC system and an Eclipse XDB-C,4 column (150 by 4.6 mm, 5 um). HR
electrospray ionization-MS spectra were acquired with an AB Sciex Triple TOF 5600 system (AB Sciex,
Framingham, MA). All solvents used were minimally of ACS grade and were purchased from Pharmco-
AAPER (Brookfield, CT) or Fisher Scientific (Pittsburgh, PA). NMR data were recorded at 400 MHz for "H
and 100 MHz for '3C with a Varian Inova NMR spectrometer (Agilent) or at 600 MHz for 'H and 150 MHz
for 13C with an Agilent DD2 NMR spectrometer (Agilent).

Cloning and heterologous expression of mur28, mur29, and tmrB. The genes encoding Mur28
and Mur29 were amplified by PCR, using Phusion DNA polymerase, from genomic DNA extracted from
Streptomyces sp. NRRL 30473. The gene encoding TmrB was amplified from pET28a-tmrB. The gel-purified
PCR product was inserted into pET-30 Xa/LIC using ligation-independent cloning, as described in the
provided protocol, to yield pET30-mur28 and pET30-mur29 or was digested with Ndel-BamHI and ligated
into the identical sites of pXY200 or pDB.His.MBP to yield pXY200-mur28, pDB.His.MBP-mur28,
pDB.His.MBP-mur29, and pDB.His.MBP-tmrB. The identity of the cloned genes was confirmed by DNA
sequencing. The pDB.His.MBP-mur28, pDB.His.MBP-mur29, pET28-tmrB, and pDB.His.MBP-tmrB plasmids
were expressed in E. coli BL21(DE3) cells, and the pXY200-mur28 plasmid was expressed in S. lividans
TK24 cells, using a standard procedure provided in the supplemental material.

Production of muraymycin D congeners. Streptomyces sp. NRRL 30475 was cultivated for 72 h at
30°C in 250-ml Erlenmeyer flasks containing 50 ml of tryptic soy broth (Difco) supplemented with 20
g/liter glucose, on a rotary shaker (250 rpm). The seed culture was used to inoculate flasks (250 ml)
containing 50 ml of PM-1 medium. PM-1 was composed of 2% glucose, 1% soluble starch, 0.9% pressed
yeast, 0.5% peptone (Bacto), 0.5% meat extract (Fluka), 0.5% NaCl, 0.3% CaCO,, and 0.01% CB-442 (NOF
Co.) (pH 7.4, before sterilization). The fermentation was continued for 7 days at 23°C on a rotary shaker
(210 rpm).

The contents of all culture flasks were combined and centrifuged at 5,000 rpm for 15 min, to separate
the mycelium and the water phase. The mycelial cake portion was extracted with methanol by
sonication, and the organic phase was evaporated to yield a crude brown extract. Amberlite XAD-16 resin
(4%) was added to the water phase and stirred for 12 h. The resin was washed with water until the
effluent became colorless, and then methanol elution was performed. The methanol extract was
concentrated under reduced pressure to yield a crude extract. Components of the mycelium crude
extract and the water-phase crude extract were subjected to separation on a Sephadex LH-20 column (25
to 100 wm; GE Healthcare), and methanol was used to elute compounds at a flow rate at 2 ml/min. The
major fraction was further purified by using semipreparative HPLC. A series of linear gradients from
0.025% trifluoroacetic acid in water (solvent A) to 0.025% trifluoroacetic acid in acetonitrile (solvent B)
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was developed in the following manner: 0 min, 10% solvent B; 0 to 25 min, 22% solvent B; 25 to 26 min,
100% solvent B; 26 to 31 min, 100% solvent B; 31 to 32 min, 10% solvent B (beginning and ending times,
with linear changes in solvent B). The flow rate was kept constant at 3.5 ml/min.

Synthesis of the ADR-GlyU disaccharide. The ADR-GlyU disaccharide was synthesized mainly
through a route reported by Ichikawa and coworkers (29, 30) but with slight modifications, including a
new deprotection protocol to yield the desired unprotected disaccharide. The synthetic scheme em-
ployed and experimental details are provided in the supplemental material.

Enzyme reactions. Reaction mixtures consisted of 50 mM Tris (pH 7.5), 10 mM MgCl, 1 mM ATP,
dATP, dTTP, GTP, CTP, or UTP, 1 mM muraymycin D1, D2, or D3 or 0.5 mM ADR-GlyU disaccharide, and
1 uM Mur29, Mur28, or TmrB, at 30°C. The reactions were terminated by the addition of 2 volumes of
methanol, followed by centrifugation (14,000 rpm for 30 min) to remove the precipitated proteins. After
centrifugation, the reaction mixtures were analyzed by HPLC or LC-MS, using one of four gradient
programs (GPs) provided in the supplemental material.

Single-substrate kinetics. For Mur29, assay mixtures consisted of 50 mM Tris (pH 7.5), 10 mM MgCl,,
a near-saturating ATP concentration (1 mM), and various concentrations of muraymycin D1 (1 uM to
1,000 uM), muraymycin D2 (1 uM to 1,000 wM), or muraymycin D3 (5 uM to 500 wM). Reactions were
performed at 30°C for 4 h with muraymycin D1, D2, or D3 and 200 nM Mur29. For Mur28, assay mixtures
consisted of 50 mM Tris (pH 7.5), 10 mM MgCl,, a near-saturating ATP concentration (1 mM), and various
concentrations of muraymycin D2 (1 uM to 1,000 wM), muraymycin D3 (5 uM to 500 wM), or ADR-GlyU
disaccharide (5 M to 500 uM). Reactions were performed at 30°C for 4 h with muraymycin D2 or D3 and
for 15 min with ADR-GlyU disaccharide, with 200 nM Mur28. Product formation was determined using
HPLC with GP2. All reactions were analyzed under near-initial-velocity conditions (=10% product). Each
data point represents a minimum of three replicate endpoint assays; kinetic constants were obtained by
nonlinear regression analysis using GraphPad Prism (GraphPad Software, La Jolla, CA), by fitting the data
to the following equations, depending on the presence of substrate inhibition: v = V, . [SI/(K,, + [S]) or
v = V.. [SVIK, + [S] + [SP/K].

Antimicrobial activity. The protocol used for the determination of MICs was as described
previously, with minor modifications (44). The bacterial strains Mycobacterium smegmatis ATCC
14468, E. coli DH5a/AtolC, and E. coli BL21(DE3), with introduced pET30-mur28, pET30-mur29,
pET28a-tmrB, or pET30-mur20 plasmids, were used as model strains for antimicrobial susceptibility
assays. All strains were grown in appropriate liquid medium or on agar plates, using Middlebrook
7H9 medium with albumin-dextrose-catalase (ADC) enrichment for M. smegmatis or LB medium
supplemented with 50 pwg/ml kanamycin for E. coli. Individual strains were grown for 16 h at 37°C
in 5 ml of medium, with shaking (250 rpm), and then were diluted 1,000-fold into 4.5 ml of medium
and incubated until the optical density at 600 nm (ODg,,) reached 0.4. Aliquots of the suspensions
were diluted 1,000-fold. Aliquots (90 ul) of each diluted culture were transferred into the individual
wells of a 96-well plate supplied with 10 wl of the test compound. The maximal final concentration
of 256 ug/ml with serial dilutions was maintained to determine the antimicrobial activities, and
values were compared to the negative-control (water) values. The culture plates were incubated for
16 h at 37°C, with shaking (160 rpm) for E. coli and without shaking for M. smegmatis. The OD,, of
each well was measured using a BioTek Synergy 2 multimode microplate reader. The acquired OD,,
values were normalized to those for the negative-control wells (100% viability). Resazurin solution
(5 pl) was also added to each well, and the plates were shaken for 10 s and incubated at 37°C for
another 3 h. The minimal concentration of the test compound that caused growth inhibition was
recorded as the MIC.

Stability of D1-AMP. M. smegmatis ATCC 14468 and E. coli DH5a/AtolC were used as model
strains to test the stability of D1-AMP. Strains were grown in Middlebrook 7H9 medium with ADC
enrichment or in LB medium supplemented with 50 ug/ml kanamycin, respectively. Liquid cultures
(5 ml) were grown for 16 h at 37°C with shaking (250 rpm), diluted 1,000-fold into 4.5 ml of fresh
medium, and incubated until the OD,,, reached 0.4. Aliquots of the suspensions were diluted
1,000-fold. Aliquots (45 ul) of each diluted culture or a filtered culture sample (0.22-um membrane
filter) were transferred to a 96-well plate supplied with 5 ul of 2,560-ug/ml D1-AMP. The culture
plates were incubated for 16 h at 37°C, with shaking (160 rpm) for E. coli and without shaking for
M. smegmatis. Cells and insoluble material were removed by centrifugation at 4,000 rpm for 10 min.
The supernatant was analyzed by HPLC using GP2.

MraY inhibition. Fluorescence-based in vitro inhibition assays against S. aureus MraY were per-
formed as reported previously (9, 45).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00193-18.

SUPPLEMENTAL FILE 1, PDF file, 3.1 MB.
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