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ABSTRACT: We report the reaction catalyzed by QmpB, a new radical
S-adenosylmethionine enzyme encoded by a ribosomal peptide natural
product gene cluster in Streptococcus suis. Using isotopic labeling, site-
directed mutagenesis, high-resolution mass spectrometry, and multi-
dimensional NMR spectroscopy, we show that QmpB installs two 9-
membered ring sactionine bridges, connecting a Cys residue with an HS SH
upstream Asn via an a-thioether bridge, with the two macrocycles
separated by a single residue. QmpB is only the second type II

sactionine synthase characterized to date.

Ribosomally synthesized and post-translationally modified
peptides (RiPPs) have emerged as a structurally diverse
family of natural products with a range of biological activities."
The production of RiPPs is based on a straightforward
biosyntheticlogic in which a short precursor peptide is produced
ribosomally, then modified in the core region of the peptide by
tailoring enzymes, and usually trimmed at the final step before
secretion of the mature product (Figure 1A). RiPPs are defined
by the types of modifications in the core peptide region. The
characterization of modification enzymes, therefore, is essential
in the identification of new RiPP subfamilies. We recently
reported the structure and biosynthesis of streptide, a
structurally unique RiPP with an unusual carbon—carbon
cross-link between the side chains of lysine and tryptophan,
which is installed by a radical S-adenosylmethionine (RaS)
metalloenzyme.”* The Ra$S enzyme superfamily is the largest in
Nature, with over 600000 annotated members of which only a
small fraction has been characterized.* The catalytic prowess of
this superfamily relies on formation of the highly oxidizing 5’-
deoxyadenosyl radical, which typically initiates turnover via
abstraction of a substrate hydrogen atom. We surmised that in
the context of RiPP biogenesis, this versatile enzyme family
could deliver unprecedented transformations, thereby affording
novel natural product scaffolds, as seen in streptide. To test our
hypothesis, we searched for RiPP biosynthetic gene clusters
(BGCs) that are modified by RaS enzymes, a subclass that has
become known as RaS-RiPPs.” We anchored the search with two
features: the presence of at least one RaS enzyme-encoding gene
as well as a nearby shp/rgg quorum sensing (QS) system,’
reasoning that the resulting natural products would be novel,
owing to the versatility of RaS enzymes, and physiologically
important, as QS is a key virulence determinant in numerous

© 2021 American Chemical Society

7 ACS Publications

11284

RiPP Precursor peptide

Qg0

Leader Core
e}
i Y HN 3 o
HJH ‘—NH

d™"° ampB O s o

o " :/( s HN >—
HN N\E/go o AN HZN/LO " @ A ¥
"0

Modified peptide
Tailoring
—_

Novel type 2
sactipeptide

pathogens.® The search yielded ~600 unique BGCs, which
grouped into 16 distinct subfamilies of RaS-RiPPs when
organized by precursor peptide homology (Figure 1B).> Our
subsequent mining of the RaS-RiPPs network has shown it to be
a rich source of novel enzymatic transformations and natural
products, which include a tetrahydrobenzindole modification in
tryglysins,”” @- and f-thioether bonds in streptosactin and the
NxxC subfamily,®” respectively, an a-ether bridge in the TQQ
subfamily,'® as well as a new arginine-tyrosine C—C bond in
RRR (Figure 1B)."" The present study sought to elucidate the
reaction of another uncharacterized group of RaS enzymes, the
QMP subfamily that is predominantly encoded in the pathogen
Streptococcus suis.

The gmp gene cluster from S. suis is controlled by an shp/rgg
QS operon and encodes a precursor peptide (QmpA), a Ra$S
enzyme (QmpB), and a combination protease-export protein
(QmpC, Figure 1C). To characterize the reaction of QmpB, we
pursued an in vitro biochemical approach in which we would
prepare QmpA using solid-phase peptide synthesis (SPPS) and
monitor its reaction with recombinant QmpB using chromatog-
raphy-coupled high-resolution mass spectrometry (HR-MS),
tandem HR-MS (HR-MS/MS), and multidimensional NMR
spectroscopy (Table S1).

Special Issue: Natural Products: An Era of Discovery
in Organic Chemistry

Received: June 26, 2021
Published: August 5, 2021

https://doi.org/10.1021/acs.joc.1c01507
J. Org. Chem. 2021, 86, 11284—11289



The Journal of Organic Chemistry

pubs.acs.org/joc

A [ ——

Precursor. peptide

Tailoring Proteolysis/Export
—> —_
Leader Core
B NH,
H
HoN TQQ N

Tryglysin N

- NH - HN
Streptide Sstraec;:itr? R

. =
QMP NxxC HN’L(NH
S A

o oo %0 ° o

OxNH;
~J i
eyl
NH
o HN i<}

C Streptococcus suis gmp locus
shp  rgg qmpB qmpA qmpC

MVVNTNKKYTEEGLLQTATN?FC?2V/N?LC2*QMP

Figure 1. (A) General biosynthetic logic of RiPP natural products. (B)
Sequence similarity network of streptococcal RaS-RiPP BGCs that are
regulated by an shp/rgg QS operon. Structures of RaS enzyme-catalyzed
modifications are shown with newly installed bonds rendered in red.
The gmp family explored in this work is highlighted. (C) gmp BGC
from S. suis YSS6. Genes are color coded as follows: shp/rgg QS operon
(green), Ra$ enzyme (red), precursor peptide (black), and transporter
(blue). The sequence of the precursor peptide QmpA is shown.

The 29mer QmpA was prepared by SPPS using standard
methods and subsequently purified to homogeneity (see Table
S2 for HR-MS data). QmpB was cloned as a hexaHis-tagged
construct and expressed in E. coli. Anaerobic purification of
QmpB resulted in protein featuring a typical RaS enzyme UV—
vis spectrum (Figure S1), including absorption features at 320
and 400 nm that are symptomatic for [4Fe-4S] clusters.'”
Quantification of Fe and labile sulfide following reconstitution
via standard methods revealed 8.7 + 0.4 Fe(II) and 3.2 + 0.4 §*~
per protomer, reflecting partial insertion of Fe—S$ clusters.'” The
high Fe(II) content is consistent with the bioinformatic
prediction of additional binding site(s) for Fe—S clusters in
the C-terminal SPASM domain of QmpB (Figure S2)."

Typical for active RaS enzymes, QmpB gave rise to time-
dependent formation of 5’-deoxyadenosine in the absence of
substrate (Figure S3), suggesting that our preparation of QmpB
is competent in reductive cleavage of the cofactor S-adenosyl-
methionine (SAM). Next, upon incubation of synthetic QmpA
with QmpB, SAM, and reductant (Na,S,0,) under anaerobic
conditions, we observed formation of a major species that was 2
Da lighter than substrate, as well as a minor species with a mass
loss of 4 Da in ~5:1 ratio (Figure 2A,B, Table S2). These were
only observed in the presence of all components, but not when
SAM or QmpB were omitted from the reaction, consistent with
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Figure 2. HR-MS analysis of modified QmpA after reaction with
QmpB. (A) Extracted ion chromatogram of the QmpB products. In the
full reaction, the —2 Da (red) and —4 Da (blue) products can be
detected. For reactions lacking QmpB (black) or SAM (green), neither
the —2 Da nor the —4 Da product can be observed; extracted ion traces
for the —2 Da products are shown for these control reactions. (B) Mass
spectrum of QmpB products. Masses corresponding to —2 Da (red),
—4 Da (blue), and masses overlapping with unmodified QmpA (black)
are highlighted. Note that the spectrum of the triply charged peptide is
shown (see Table S2). (C) HR-MS/MS analysis of wt QmpA after
reaction with QmpB. Fragment ions are displayed by blue (b-ions) and
red (y-ions) dividers (see Table S3). The mass loss associated with
modifications is highlighted in each direction of fragmentation, and the
macrocycles are represented by black arcs.

their assignment as reaction products (Figure 2A). Targeted
HR-MS/MS provided initial insights into the structure of
modified QmpA. Because the two product peaks overlapped
chromatographically, HR-MS/MS was carried out with the —4
Da species, revealing that y fragment ions were unaltered relative
to substrate downstream of C26, —2 Da relative to substrate
between N24 and N20, and —4 Da upstream of N20 (Figure 2C,
Table S3). Analogously, the b ion fragments were unaltered
relative to substrate upstream of N20, —2 Da relative to substrate
between N20 and N24, and —4 Da downstream of N26. These
patterns are consistent with cross-link formation between N20—
C22 and N24—C26 in QmpA. Observation of collision-induced
dissociation within the macrocycle is in line with an a-thioether
bridge (Figure 2C), as opposed to f-thioether bonds, which are
more stable and do not fragment under typical ESI-MS
conditions."* As further verification, we conducted HR-MS/
MS analysis with the recently reported Asn-Cys f-thioether
bridge installed by NxxcB (Figure 1B).” Identical HR-MS/MS
conditions, which fragmented within the Asn-Cys macrocycle in
the QmpB product, did not result in any detectable fragments
internal to the macrocycle generated by NxxcB product (Figure
S4), thereby providing further evidence that the QmpB-installed
cross-links are a-thioethers.

To definitively elucidate the nature of the thioether bridge, we
synthesized an isotopologue of QmpA containing uniformly
13C-labeled Asn (**C-Asn-QmpA) at both cross-linking
positions, N20 and N24 (Table S2). Upon treatment of "*C-
Asn-QmpA with QmpB, SAM, and reductant, we observed
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approximately 40% conversion of substrate to product (Figure
S5). The product again consisted of a major —2 Da component
and a minor —4 Da fraction in a ~ 4:1 ratio. HR-MS data were
consistent with two Asn-Cys macrocycles, as with the unlabeled
QmpA substrate (Table S2). Importantly, 1D/2D NMR
spectral analysis allowed us to assign the a-thioether cross-link
correlations upon comparison with NMR data obtained with the
unreacted QmpA substrate (Figure 3A, Figures S6 and S7).
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Figure 3. Structural characterization of the QmpB product. (A) DEPT-
edited HSQC spectrum of '3C-QmpA substrate/product mixture
following after reaction with QmpB (red, CH/CHj; blue, CH,). The
unmodified '3C-Asn (“substrate”) correlations are indicated with
dashed lines. The product 3C-Asn crosspeak (“product”) is boxed. The
inset shows a magnified view of the key CA/Hf methylene in the a-
thioetherified product. (B) Reaction catalyzed by QmpB. The two
QmpB-installed a-thioether linkages are shown in red.

Most notably, unreacted QmpA exhibited Ca/Ha and CS/Hp
chemical shifts at N20/N24 of ~50.3/4.45 and ~35.8/2.55
ppm, respectively (Figure S6). Upon reaction with QmpB, the
CpB/Hp pair remained as a methylene unit, as indicated by a
DEPT-edited HSQC spectrum and was now significantly
downshifted to ~42.5/3.74 ppm (Figure 3A), consistent with
the presence of a thioether linkage at the a-carbon.”"> This
correlation was absent in the substate (Figure S6). These results
mark QmpB as a sactionine synthase (Figure 3B), the family of
RaS enzymes that install a-thioether bonds in several RiPPs,
including subtilosin A and the sporulation killing factor
(SKF).">'® The 9-membered ring macrocycles with a single
intervening residue installed by QmpB are unusually small; in all
sactipeptides identified to date, these can range from 12—84-
membered macrocycles, that is, typically consisting of 2—26
intervening residues.'® The absolute configuration of the cross-
linked Cer in modified QmpA remains to be determined.

With the structure of the QmpB product established, we
probed the directionality of QmpB catalysis using site-directed
QmpA mutants, Cys22Ser- and Cys26Ser-QmpA, which were
prepared via SPPS (Table S2). Each peptide was reacted with
QmpB, SAM, and reductant. We observed enzyme-dependent

formation of a —2 Da product from both substrates in
approximately 20—40% yield (Figure 4A). HR-MS and HR-
MS/MS analysis indicated formation of a singly cross-linked
product involving the remaining Cys residue and the
corresponding Asn two residues upstream (Figure 4B, Tables
S2, S4,and S5). The observation of singly cyclized products with
both substrate variants suggests that QmpB does not install the
two macrocycles in a strictly specific order, unlike the sactionine
synthase GggB involved in the production of streptosactin.”
Rather, each site can serve as a substrate to QmpB, consistent
with the double conserved amino acid motif of —N-®-C— in
QmpA, where @ represents a hydrophobic residue (Figure 1C).

In summary, we have elucidated the reaction carried out by an
additional RaS enzyme in our network of RaS-RiPPs from
mammalian microbiome streptococci. Sactionine linkages are
the key defining feature of sactipeptides, and this family of RiPP
natural products comes in two forms: Type 1 sactipeptides
contain a nested topology in which the Cys residues and the
corresponding acceptor residues are located N-terminally and C-
terminally, respectively; this arrangement is observed in
subtilosin A and thurincin H (Figure 4C)."> In contrast, type
2 sactipeptides, exemplified by the founding member
streptosactin, contain alternating Cys and acceptor residues,
resulting in a sequential, unnested sactionine topology (Figure
4C).” From our studies above, we conclude that QmpB is a type
2 sactionine synthase that installs two small three-residue
macrocycles using sactionine bridges. It is only the second
example of this type of modification. QmpB differs from the type
2 sactisynthase GggB in that it does not install the two
macrocycles in a specific order. Moreover, the directionality of
the modifications is reversed (Figure 4C). Upon modification of
QmpA by QmpB, the peptide is likely trimmed to remove the
leader sequence and deliver the mature product for which we
propose the name suisactin. We surmise that suisactin contains
two sactionine bridges, and that the observation of singly cross-
linked QmpA is due to incompletely reconstituted QmpB as
indicated by the quantification of Fe and labile S*~. A
modification to the standard reconstitution procedure or
alternative methods with different reductants and/or protein
redox partners could lead to higher Fe—S cluster content. Future
studies could also explore S. suis for the detection of suisactin
and subsequently its biological activity. The latter aspect will be
intriguing as the streptococcal RaS-RiPPs investigated so far
have revealed narrow-sgectrum antimicrobial, and possibly
fratricidal, bioactivities.”

B EXPERIMENTAL SECTION

Materials and Strains. All materials were purchased from Sigma-
Aldrich or Fisher Scientific unless otherwise specified. Restriction
enzymes, T4 DNA ligase, proof-reading QS5 High-Fidelity DNA
Polymerase, Shrimp Alkaline Phosphatase, and Trypsin-Ultra (Mass
Spectrometry grade) and the corresponding buffers were purchased
from New England BioLabs (NEB). DNA oligos were purchased from
Genewiz. PCR reactions were routinely carried out in Failsafe buffer D
(Epicenter). All Fmoc- and side chain-protected amino acids and other
components for solid-phase peptide synthesis were purchased from
Millipore Sigma except for HATU and HOAt, which were obtained
from GenScript. Low-loading 2-chlorotrityl chloride ProTide (CI-TCP
Cl ProTide) resin was purchased from CEM. Uniformly *C/"*N-
labeled 1-Asn was purchased from Cambridge Isotope Laboratories.

General Procedures. UV—vis absorption spectra were acquired on
a Cary 60 UV—vis spectrophotometer (Agilent). Low-resolution high-
performance liquid chromatography—mass spectrometry (HPLC—
MS) analysis was performed on an Agilent instrument consisting of a

https://doi.org/10.1021/acs.joc.1c01507
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Figure 4. C22S- and C26S-QmpA are accepted by QmpB. (A) Mass
spectra of C225-QmpaA (left) and C26S-QmpaA (right) before and after
reaction with QmpB, SAM, and Na,S,0,. The triply ionized mass
envelope is shown. (B) HR-MS/MS analysis of Cys-to-Ser QmpA
mutants after reaction with QmpB. Fragment ions are displayed by blue
(b-ions) and red (y-ions) dividers (see Tables S4 and S5). In both cases,
the remaining unmodified cysteine is accepted by QmpB and cross-
linked to the Asn two residues upstream. (C) Topologies of type 1 and
2 sactipeptides. The nested type 1 sactipeptide topology is formed from
N-terminal Cys and C-terminal acceptor residues; subtilosin A and
thurincin H are shown as examples. QmpB generates the rare type 2
sactipeptide topology upon reaction with QmpA, resulting in unnested
thioether cross-links and only the second reported example of this

topology.

liquid autosampler, a 1260 Infinity Series HPLC system combined with
a diode array detector, and a 6120 Series ESI mass spectrometer.

Samples were resolved on a Phenomenex Luna C18 column (3 ym, 4.6
mm X 100 mm) at a flow rate of 0.7S mL/min with the following
elution parameters: 5% MeCN in water for 2 min, 5—100% MeCN over
10 min, and finally an isocratic 100% MeCN over 3 min. HPLC solvents
contained 0.1% (v/v) formic acid (FA).

High-resolution (HR) HPLC—MS and HR-tandem-MS were
carried out on an Agilent 6540 Accurate-Mass quadrupole time-of-
flight (Qtof) instrument, consisting of a 1260 Infinity Series HPLC
system, an automated liquid sampler, a diode array detector, a
JetStream ESI source, and the 6540 Series Qtof. Samples were resolved
on a reversed phase Phenomenex Luna C18 column (3 ym, 100 X 4.6
mm). The mobile phase consisted of water and MeCN (+0.1% FA).
Elution was carried out as follows: 5% MeCN in water for 2 min
followed by a gradient of 5—90% MeCN over 10 min, and finally 90%—
100% MeCN over 4 min, at a flow rate of 0.75 mL/min.

Additionally, HR ultraperformance liquid chromatography-MS
(HR-UPLC—MS) and HR-tandem UPLC-MS were carried out on
an Agilent 6546 Accurate-Mass Qtof instrument consisting of a 1290
Infinity Series HPLC system, an automated liquid sampler, a diode
array detector, a dual JetStream ESI source, and the 6546 Series Qtof.
UPLC—MS samples were resolved on a reversed phase Agilent
Poroshell EC C18 UPLC column (2.7 gm, 50 X 3 mm). The mobile
phase consisted of water and MeCN (+0.1% formic acid). Elution was
carried out with a gradient of 10—90% MeCN over 2.5 min, and then
90%—100% MeCN over 0.5 min, at a flow rate of 0.5 mL/min.

HPLC purifications were carried out on an Agilent 1260 Infinity
Series analytical or preparative HPLC system equipped with a
temperature-controlled column compartment, a diode array detector,
and an automated fraction collector. The analytical system was also
equipped with an automated liquid sampler. Nuclear magnetic
resonance (NMR) spectra were acquired at the Princeton University
Department of Chemistry Facilities. NMR spectra were collected in the
triple resonance cryoprobe of a Bruker Avance III HD 800 MHz NMR
spectrometer. The *C-QmpA peptide samples were prepared in 200
mM ammonium bicarbonate buffer in D,0O in a 2.5 mm diameter tube.
1D/2D NMR data—specifically 13C, 'H, and distortionless enhance-
ment by polarization transfer (DEPT)-edited heteronuclear single
quantum coherence (HSQC) data—were analyzed with MestReNova
software.

Cloning of S. suis QmpB. Codon-optimized gmpB DNA fragments
were obtained from Genewiz and designed to have 20 bp overlap
regions with digested pET-28b(+) to allow for HiFi assembly using the
NEB Mastermix. The gmpB fragment and pET-28b(+) were digested
with NdelI/Xhol and the fragments purified using the Qiagen Gel
Extraction Kit. The linearized vector was treated with Shrimp Alkaline
Phosphatase (rSAP) prior to HiFi DNA assembly, which was carried
out according to manufacturer instructions. Chemically competent E.
coli DHSa cells were transformed with 2 uL of the HiFi ligation mixture
by heat-shock and plated onto LB-agar plates containing 50 pg/mL
kanamycin. The final assembled plasmids were confirmed by Sanger
sequencing.

Expression, Purification, and Reconstitution of QmpB.
Expression, purification, and reconstitution of QmpB was carried out
using previously published procedures with slight modifications.'” Cells
were grown in M9 minimal media with FeCl; as an iron source, which
was added to a final concentration of S0 #uM immediately after IPTG
induction (0.5 mM final IPTG concentration), when cultures reached
an optical density at 600 nm (OD600) of ~0.6. The cultures were
incubated at 18 °C/120 rpm overnight. They were then spun down
(8000g, 15 min, 4C) and frozen. Twenty-eight grams of cell paste was
obtained from 10 L culture. QmpB was purified under anoxic
conditions using published methods without modifications, yielding
~11 mg of pure QmpB from 13.4 g cell paste.'” Purified QmpB was
quantified using the method reported by Barr et al.'*® QmpB was
anaerobically reconstituted with 10-fold excess Fe(II) and 10- fold
excess Na,S, as per reported procedures.” Iron and labile sulfide
quantification was then carried out using prior procedures."”

Synthesis of QmpA Peptides. QmpA, *C-QmpA, C22S-QmpaA,
and C26S-QmpA were prepared by Fmoc-based SPPS on a CI-TCP-Cl
ProTide-resin using a Liberty Blue automated peptide synthesizer

https://doi.org/10.1021/acs.joc.1c01507
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equipped with a Discover microwave module (CEM). The
deprotection solution consisted of 10% piperazine (w/v) in a 10:90
solution of EtOH/NMP (N-methylpyrrolidine) supplemented with 0.1
M HOBt (1-hydroxybenzotriazole). The activator solution consisted of
0.25 M DIC (N,N’-diisopropylcarbodiimide) in DMF and activator
base solution of 0.5 M ethyl cyanohydroxyiminoacetate with 0.1 M
N,N-diisopropylethylamine in DMF. A typical coupling cycle used S
equiv of amino acid and $ equiv of coupling reagent. Residues 1—4, 16,
22, 26, and 27 were double-coupled. The synthesis was typically
performed on a 50 umol scale, except for the *C,,'*N,—N20/N24-
QmpaA (for simplicity, denoted as '*C-QmpA) which was carried out on
a 25 pmol scale. Upon completion of the synthesis, the resin was
removed from the reaction vessel and transferred to an Econo-Pac
column (BioRad). The resin was washed several times with DMF,
followed by DCM, and dried thoroughly under vacuum. Peptide was
cleaved from the resin by incubation with freshly prepared cleavage
cocktail for 3 h at room temperature (S mL per 100 mg resin) consisting
0f90% TFA, 2.5% H,0, 2.5% TIS (triisopropylsilane), and 5% SME (2-
mercaptoethanol). The mixture was drained from the reaction tube and
the resin was washed several times with TFA. The filtrate and washes
were then combined and concentrated by evaporation of TFA under a
stream of N,. The peptide was then precipitated by addition of 10
volumes of ice-cold diethyl ether and isolated by centrifugation (4000g,
10 min, 4 °C). The ether was poured off, and the peptide was dried over
a stream of N,.

Purification of QmpA. Dried QmpA was dissolved in 40% MeCN
with 100 mM ammonium bicarbonate and purified by preparative or
semipreparative HPLC. Larger scale syntheses were injected onto a
preparative Phenomenex C18 column (7 pm, 2.5 X 25 cm), which was
equilibrated in 10% MeCN in H,O (+0.1% FA). The peptide was
eluted with a gradient of 10—70% MeCN over 20 min. The purity of
QmpA was verified by HR-HPLC—MS and NMR analysis (see Table
S2 and Figure S6). Smaller scale syntheses were instead injected onto a
Synergi Fusion-RP semipreparative column (4 gm, 10 X 250 mm) and
purified with the same elution protocol.

Enzymatic Activity Assays. Enzymatic assays were performed in
an inert atmosphere within an MBraun glovebox. The various QmpA
peptides were transported into the glovebox as prealiquoted lyophilized
material and dissolved directly in the purified QmpB solution. Sodium
dithionite (DT), DTT, and S-adenosylmethionine (SAM) were also
transported into the glovebox as powders and prepared as stock
solutions in water inside the box. Reactions were typically carried out in
0.5 mL Eppendorf tubes on a 30 L scale with final concentrations of
2.5 mM DTT, 2.5 mM DT, 0.25 mM substrate peptide, 25 yM QmpB,
and 1 mM SAM. Incubation time was typically 16 h. At the end of the
incubation period, the reaction tubes were quenched by the addition of
1 volume of MeCN and a final concentration of 200 mM ammonium
bicarbonate. The precipitate following quenching was spun down at
21,000g for S min and the supernatant was filtered and transferred to a
new tube for subsequent injection and analysis by HPLC-Qtof-MS as
described above.

Large-Scale '*C-QmpA Reaction. The concentrations of all
components were identical to those in the analytical-scale assays
described above, but the total reaction volume was increased from 30
uL to 2.0 mL for the *C-QmpAsubstrate. Reactions were incubated for
16 h, quenched in the same manner as the small-scale reactions, and
cleared by centrifugation and filtration.

Isolation of 3 C-QmpA Products from Large-Scale Reaction.
Analytical HPLC was used to purify reacted '*C-QmpA. The cleared
filtrate was injected onto a Grace Vydac C18 column (S pm, 250 X 4.6
mm) operating at 0.5 mL/min. Water and MeCN were used as mobile
phases (both +0.1% FA). Elution was carried out with a gradient of S—
17.5% MeCN over 5 min, followed by a gradient from 17.5—100% over
25 min. The substrate and products coeluted at ~22—23 min (~70%
MeCN). Fractions containing product were pooled, lyophilized, and
assessed by HPLC—MS and NMR spectroscopy.
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