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ABSTRACT: Cytochrome P450 enzymes are abundantly encoded in microbial genomes. Their reactions have two general out-
comes, one involving oxygen insertion via a canonical ‘oxygen rebound’ mechanism and a second that diverts from this pathway
and leads to a wide array of products, notably intramolecular oxidative crosslinks. The antibiotic of-last-resort vancomycin contains
three such crosslinks, which are crucial for biological activity and are installed by the P450 enzymes OxyB, OxyA, and OxyC. The
mechanisms of these enzymes have remained elusive in part because of the difficulty in spectroscopically capturing transient inter-
mediates. Using stopped-flow UV/Visible absorption and rapid freeze-quench electron paramagnetic resonance spectroscopies, we
show that OxyB generates the highly reactive compound-I intermediate, which can react with a model vancomycin peptide sub-
strate in a kinetically competent fashion to generate product. Our results have implications for the mechanism of OxyB and are in
line with the notion that oxygen rebound and oxidative crosslinks share early steps in their catalytic cycles.

Nature uses cytochrome P450 enzymes, a superfamily of thi-
olate-ligated hemoproteins, to achieve stereospecific hydrox-
ylation of inert C-H bonds with bond dissociation energies of
~100 kcal/mol.'”* Groves has elucidated the consensus mecha-
nism for this challenging transformation,** wherein oxygen ac-
tivation of the ferric heme cofactor yields an iron(IV)oxo por-
phyrin T-cation radical (cpd-I, Fig. 1A),® which abstracts a H-
atom from substrate to produce an iron(IV)hydroxide species
(cpd-II, Fig. 1A),”® concomitant with formation of a substrate-
centered radical. This radical then recombines with the hydrox-
ide of cpd-II, formally known as ‘oxygen rebound’, to access
the alcohol product.®!!

Curiously, in many natural product biosynthetic pathways,
P450 enzymes do not catalyze oxidations through oxygen re-
bound.!?>!* Rather, an alternative outcome leads to a variety of
intramolecular cyclizations without oxygen insertion. Walsh
and Moore have labelled this class ‘thwarted oxygenases’.!®
The biosynthetic pathway of vancomycin, the drug of-last-re-
sort against persistent bacterial infections,!®!® employs three
such enzymes, OxyB, OxyA, and OxyC,?>** which install dis-
tinct aromatic crosslinks (Fig. 1B). Although there have been
remarkable advances in our understanding of vancomycin bio-
synthesis,?*? the mechanistic details underlying phenolic cross-
link formation, which confers vancomycin its rigid topology
and potent activity, remain unknown. In particular, it is unclear
whether high-valent iron-oxo species in the P450 catalytic cycle
are directly involved.?? Efforts to detect these intermediates
have so far been unsuccessful.*

To determine if any reactive intermediates could be induced
to accumulate under single-turnover conditions with OxyB, we
employed the peroxide shunt strategy,3!** which circumvents
the necessity for enzymatic redox partners to supply reducing
equivalents to heme-bound O:. Instead, the peroxide directly

oxidizes ferric heme to the short-lived ferric-hydroperoxo spe-
cies (cpd-0),*3¢ which subsequently converts to the high-valent
iron(oxo) species (Fig. 1A). Rittle and Green conclusively es-
tablished the existence of cpd-1,>” which was produced transi-
ently by m-chloroperoxybenzoic acid (mCPBA) and validated
by several spectroscopic methods.

The as-purified OxyB exhibits an intense Soret band near 419
nm and Q-bands at 537 and 570 nm (Fig. 2A), consistent with
a low-spin ferric heme resting state. Upon substrate binding,
distinctive UV/Vis spectral changes reveal a typical low- to
high-spin conversion, characteristic of the so-called type I
shift,*® which allowed us to determine a kon 0f 9.55 x 10* M's™!
and a Kq of 17 pM between OxyB and its substrate (Figs. 2B,
S1, and S2), a 7mer peptide thioesterified to the pantetheine arm
of the peptidyl-carrier protein/X (PCP-X)-didomain.*® Unfortu-
nately, initial peroxide shunt SF-UV/Vis experiments with as-
isolated OxyB yielded no spectral changes (Fig. S3). Encour-
aged by prior reports that P450 activity can be enhanced
through further purification by, in particular, removing contam-
inating fatty acids from the active site,* we subjected OxyB to
FPLC-based size-exclusion chromatography (Fig. S4). This en-
riched holo-OxyB and resulted in an enhanced Reinheitszahl of
~1.5.

Rapid-mixing of /holo-OxyB with excess mCPBA at 20°C
produced a new short-lived intermediate with absorption fea-
tures around 695 and 363 nm, along with a concomitant de-
crease in the 419 nm Soret band (Figs. 2C, 2D). A clear set of
isosbestic points at 391, 450, 516, and 590 nm indicated only
two major species were present in the reaction. The Soret band
decayed with biexponential kinetics with the rapid phase be-
yond the limit of our setup (>300 s!) and a slow phase of 12.9
s associated with an amplitude of 0.43 AU (Fig. 2E). Likewise,
the 695 nm feature formed with similar kinetics as the decay of
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Figure 1. Cytochrome P450 catalytic cycle and abbreviated
vancomycin gene cluster. (A) The catalytic cycle for P450s fea-
turing high-valent iron intermediates. (B) Abbreviated vanco-
mycin cluster; shown are three NRPSs and the three P450 en-
zymes (OxyABC).

the Soret with fast and slow phases of >300 s and 14.2 s! with
an amplitude of 0.015 AU (Fig. 2E). The biphasic kinetics may
be due to incomplete removal of fatty acids or other ligands or
variability in protein quaternary structure. The observed 695 nm
feature is reminiscent of the cpd-I intermediate that has been
detected in CYP119,>” APO,* and CPO.*** Similar although
inconclusive results were reported with CYP121.* The putative
cpd-I species is present maximally at 70 ms and decays with
monoexpoential kinetics (2.7 s) presumably to the ferric state.
However, the complex redox conditions, whereby excess
mCPBA reoxidizes the heme-cofactor, preclude detection of
ferric heme using the Soret band. To better visualize the new
absorption feature, the diode array spectrum at 70 ms was sub-
tracted from that at 2 ms, revealing a broad feature with a Amax
at 695 nm, diagnostic of cpd-I (Fig. 2F). Given the conversion
of ferric heme to cpd-I and its extinction coefficient of ~100
mM'cm! (at 419 nm), we calculate an extinction coefficient of
~3,490 Mlcm! for cpd-I (at 695 nm), indicating that ~43% of
the available ferric heme underwent oxidation. Further analyses
by singular value decomposition and target testing corroborated
the presence of cpd-I (Figs. S5-S7). The former showed two
predominant chemical species were present; the abstract spectra

associated with these singular values agreed well with those re-
ported for CPO and CYP119.% The latter provided an excellent
match to the reported target vector for the CYP119 cpd-1.>” The
correlated kinetic changes at 419/695 nm, the blue-shifted Soret
upon reaction with mCPBA, and the absorbance band at 695 nm
all indicate formation of the sought after cpd-I intermediate in
OxyB. Analogous SF UV/Vis experiments at 4°C also resulted
in cpd-I formation with a ~1.5-fold higher yield and similar
spectral features (Fig. S8).

To obtain further evidence for the cpd-I intermediate, we
used EPR techniques as an orthogonal spectroscopic method.
The X-band EPR spectrum of holo-OxyB exhibited low-spin
ferric heme features with simulated rhombic g-values of 2.45,
2.26, and 1.91 (Fig. 3A).* Upon addition of the 7mer-PCP-X
substrate, OxyB exhibited a high-spin ferric heme signature (g
=8, 3.64, 1.71), agreeing with the corresponding UV/Vis-based
type I shift (Figs. S1, S9). We also observed a novel substrate-
dependent low-spin ferric heme species (g = 2.5, 2.25, 1.8),7%
consistent with type II binding (Fig. S9). Both these high- and
low-spin heme features increased as a function of 7mer-PCP-X
concentration (Fig. S10).

From previous studies, the electronic structure of the P450
cpd-1 is best described as an S=1 iron(IV)oxo unit exchanged-
coupled to an S=% non-innocent porphyrin radical.’®>' The re-
sulting system consists of three Kramers doublets, the lowest of
which is EPR-active due to strong zero-field splitting arising
from the triplet Fe(IV)oxo unit.? At temperatures <30 K, cpd-1
undergoes fast relaxation due to the double-phonon Orbach re-
laxation pathway,”>** a spin-lattice process facilitated by the
higher-lying Kramers doublet. To determine whether OxyB
cpd-I can be spectroscopically captured by RFQ-EPR,** 0.2 mM
of purified holo-OxyB was rapidly mixed with 1 mM mCPBA
at 4°C and the reaction quenched in liquid isopentane main-
tained at -140 °C after 70 ms. The resulting EPR spectra, rec-
orded as a function of microwave power, revealed a composite
signal in agreement with results from CYP119,”” which also
consists of cpd-I and an additional paramagnetic contaminant
(Fig. 3B). The spectrum exhibits an axial feature with gj=2.03
and g1=2, alongside a broad up-field spectral tail that is diag-
nostic for cpd-1.37*° Analogous to CYP119, the composite EPR
signal increases as a function of power up to 10 mW, consistent
with a fast-relaxing cpd-1 species.’*>* This is especially notice-
able for the cpd-I upfield spectral tail (Figs. 3B, S11, S12). In
contrast to CYP119, disparate power saturation profiles were
observed beyond 10 mW for the paramagnetic contaminant(s)
at 7 K (Figs. S11-S12).

An RFQ-EPR timecourse from 10-300 ms showed that the
composite EPR spectrum increases and decays as a function of
time, analogous to the SF-UV/Vis data (Fig. 3C). The ratio of
the downfield paramagnetic contaminant to the cpd-I signal var-
ied as a function of time. Spectral deconvolution of the 70 ms
signal allowed subtraction of the contaminant, thus revealing
the signal for cpd-I (red, Fig. 3D). Spin quantitation gave 58%
cpd-1, consistent with the SF-UV/Vis data (Fig. S8). A similar
signal, though less intense, was also observed at 10 and 300 ms
(Fig. S13). The cpd-I spectrum is consistent with the spin-cou-
pled representation proposed by Debrunner.>® Specifically, sim-
ulation of this signal shows that the m porphyrin radical in the
heme normal plane displays a relatively constant, spin-only par-
amagnetism with g ~2, while the g,° of ~1.995, which re-
sides along the heme plane, is known to be tuned by J/D, the
ratio of spin exchange-coupling to ferryl zero-field splitting
(Fig. 3E).*® A connection between J/D and a shortened Fe—S
distance has been posited,*®? suggesting this parameter could
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Figure 2. Stopped-flow UV/Vis assessment of the reaction of OxyB with mCPBA. (A) UV/Vis spectrum of OxyB. (B) Binding of OxyB to
X-PCP-7mer using the type I shift yields kon and K4 of 9.55 x 10* M s and 17 pM, respectively. (C) SF-UV/Vis spectra obtained by
rapidly mixing 20 puM ferric holo-OxyB with 2 mM mCPBA at 20°C. (D) SF-UV/Vis spectra of the Q-band region obtained from panel
C. (E) Single-wavelength kinetics upon reaction of OxyB with mCPBA. Fits (black lines) describe a double-exponential growth phase
and a single-exponential decay phase; see text for fit parameters. (F) UV/Vis difference spectrum for the OxyB cpd-I from panel C.
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Figure 3. Monitoring the reaction of OxyB with mCPBA via RFQ-EPR spectroscopy. (A) X-band EPR spectrum of ferric low-spin OxyB.
(B) Composite RFQ-EPR spectra after a 70 ms reaction of OxyB with mCPBA as function of microwave power at 10 K. Saturation profiles
at 7 K were comparable. (C) Composite RFQ-EPR signals at 10 mW observed as a function of time. (D) Deconvolution of the composite
spectrum obtained after a 70 ms reaction (panel C). (E) Global EPR simulation from the summation of OxyB cpd-I and spin contaminant.
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be a proxy for cpd-I reactivity. For instance, the J/D values for
CPO,® CYP119,”” and selenocysteine (SeCys)-ligated
CYP119% are 1.02, 1.30 and 1.43, respectively. In line with this
argument, the g:°" for the OxyB cpd-I places its J/D value at
~1.4, in-between CYP119 and SeCys-CYP119.%® This is note-
worthy as the J/D value suggests that OxyB has intrinsic cpd-I
reactivity typical of canonical P450s, although it relies on
thwarted oxygenase reactivity to introduce a phenolic crosslink.
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Figure 4. Reaction of OxyB cpd-I with substrate. (A) Sequential
SF-UV/Vis schematic, wherein OxyB cpd-I is rapidly formed and
then mixed with the 7mer-CoA substrate. (B) Apparent OxyB cpd-
I decay rate constants as a function of 7mer-CoA concentration.

Having established cpd-I formation, we next assessed its ki-
netic competence in reacting with the 7mer-CoA substrate. Se-
quential mix SF-UV/Vis experiments were conducted in which
holo-OxyB and mCPBA were mixed, held for 1 s to promote
formation of cpd-I, and then reacted with 7mer-CoA (Fig. 4A).
Determining kobs for consumption of cpd-I as a function of sub-
strate concentration allowed us to derive an apparent second-
order rate constant of 4.2 x 10° M-!s”! (Figs. 4B, S14), which is
similar to those determined for CYP119 against a panel of sub-
strates (10*-107 M s!). Given the OxyB kea (0.11 s) and
kea/Kn (8.3 x 10° MIs!) values,?! the results indicate that for-
mation and consumption of cpd-I are kinetically competent.
Moreover, cpd-I can form in the absence of substrate, a rather
surprising result given the highly reactive nature of the interme-
diate. Finally, immediately after the SF-UV/Vis experiment, the
contents of the stop syringe were subjected to HPLC-Qtof-MS
analysis and revealed both substrate and the monocyclic prod-
uct, consistent with cpd-I as the chemically competent interme-
diate in introducing the first phenolic crosslink in vancomycin
(Fig. S15, Tables S1-S2).

Collectively, our findings establish formation of a transient
cpd-I intermediate in OxyB, which is kinetically and chemically
competent to react with substrate. Thus, the thwarted oxygenase
OxyB shares initial steps in the catalytic cycle with canonical
P450s. How these enzymes diverge remains to be determined.
The presence of multiple aromatic groups in OxyB>*®! poses

several challenges for cpd-I: (1) avoiding oxidation of protein-
bound Trp/Tyr residues, and (2) specifically oxidizing Tyr2
among five different phenolic groups within the substrate.’ The
well-documented push-pull effect®® of heme-thiolates forgoes
reduction potential for enhancing the basicity of cpd-IL*®
which essentially favors short-range H-atom transfer over long-
range orthogonal proton-coupled electron transfer,% thus ad-
dressing the first challenge. Precise positioning of the substrate,
guided by the X-domain,* could place Tyr2 in contact range of
cpd-1, thereby addressing the second challenge, namely, un-
wanted oxidations in the vancomycin peptide. Consistent with
this model are off-site reactions that occur when the X-domain
is omitted.*%2
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Materials

Ampicillin, IPTG, PMSF, lysozyme, protease inhibitor cocktail, Sephadex G-25, COMU, NEt;,
DIPEA (Hunig's base), TIS, DBU, TFA, formic acid (FA), Fmoc-OSu, hydrazine monohydrate,
NaNO,, DMF, DCM, Sodium dithionite, HCI, guanidine hydrochloride, meta-
Chloroperoxybenzoic acid (mCPBA) were purchased from Millipore-Sigma. Commercially
available Fmoc- and side chain-protected amino acids, 2-chlorotriyl chloride resin, and other
reagents for solid-phase peptide synthesis were purchased from Novabiochem/EMD Millipore
and Sigma-Aldrich. LB broth, Terrific Broth, LB agar, &-aminolevulinic acid hydrochloride,
rhamnose monohydrate, DNAse |, tris base, imidazole, glycerol, potassium phosphate monobasic,
potassium phosphate dibasic, sodium hydroxide, and HisPur™ Ni-NTA resin were purchased
from Fisher Scientific. Liquid isopentane was purchased from multiple vendors, including VWR,
Neta, Sigma-Aldrich and Fisher. Coenzyme A was purchased from CoALA Biosciences. 4 mm
Thin Wall Quartz EPR Sample Tubes( 250 mm long) were purchased from Wilmad-LabGlass. The
Stopped-Flow Module (SFM) 3000, the freeze-quench accessory and the EPR collection kit (which
includes ejection nozzle, EPR funnel, ageing loops and packing rods) were purchased from
BioLogic. Liquid He was supplied by Princeton Physics Department and Airgas.

General Procedures

All UV—vis spectra were acquired on a Cary 60 UV-visible spectrophotometer (Agilent).
Low resolution high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis
was performed on an Agilent instrument consisting of a liquid autosampler, a 1260 Infinity Series
HPLC system coupled to a diode array detector, and a 6120 Series Single Quadrupole ESI mass
spectrometer. High-resolution (HR) HPLC-MS was carried out on an Agilent UHD Accurate
Mass quadrupole time-of-flight (Q-TOF) LC-MS system, equipped with a 1260 Infinity Series
HPLC, an automated liquid sampler, a photodiode array detector, a JetStream ESI source and a
6540 Series UHD Accurate-Mass Q-TOF mass spectrometer. HPLC purifications were carried
out on an Agilent 1260 Infinity Series analytical HPLC system equipped with a temperature-
controlled column compartment, a diode array detector, an automated fraction collector, and an
automated liquid sampler.

Electron paramagnetic resonance (EPR) spectra were acquired at the Princeton University
Department of Chemistry facilities. CW X-band EPR spectra were recorded at 10 K on a Bruker
EMXplus EPR spectrometer equipped with an Oxford Liquid Helium cryostat. In general, the
following parameters were used: power, 50 pW to 10 mW,; modulation amplitude, 5 G;
modulation frequency, 100 kHz; center field, 3200 G; sweep width, 1500 G; sweep time, 60 s; |10
scans. All EPR spectra were simulated using the “pepper” utility from the EasySpin software
package with the Kazan Viewer user-interface from PennState.

Expression of OxyB

OxyB was expressed according to previously described procedures."? Briefly, a 14-mL sterile
culture tube containing 5 mL LB supplemented with Amp (100 pg/mL) was inoculated with a
single colony of E. coli KRX harboring oxyB-pET-15b. The 5 mL cultures were grown at 37°C and
200 RPM for at least 12 hours, at which point 500 L (1% v/v) were used to inoculate 50 mL LB-
Amp in a 250 mL Erlenmeyer flask. The intermediate culture was grown overnight at 37°C and
200 RPM, and subsequently used to inoculate large cultures. Erlenmeyer flasks (8 x 4L) containing
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800 mL of TB supplemented with ampicillin were inoculated with 4 mL (0.5% v/v) of intermediate
culture. The large-scale cultures were grown at 37°C/200 RPM to an ODyq ,, ~0.6, cooled in an
ice bath for 5—10 minutes and supplemented with 6-aminolevulinic acid to a final concentration
of 0.5 mM. The cultures were grown for an additional 20 min at 18°C/200 RPM, and then
supplemented with a final concentration of 0.2 mM of IPTG and 0.1% (v/v) rhamnose. After 24 h,
the cells were harvested by centrifugation (8000g, 20 minutes, 4°C), frozen and stored at -80°C.
A yield of 10 g of cell pellet per L culture was generally obtained.

Purification of OxyB

Purification steps were carried out at 4°C. Lysis buffer consisted of 50 mM Tris, 50 mM NaCl,
5 mM imidazole, 5% glycerol, pH 7.8. The cell pellet was resuspended in lysis buffer (5 mL/g) in
500 mL beaker. The suspension was supplemented with protease inhibitor cocktail (I pL/mL),
PMSF (0.25 mM), lysozyme (1 mg/mL) and DNase | (10 U/mL). Subsequently, the suspension was
stirred for 30 min and sonicated on ice for 2 min in I5s on/I5s off cycles at 30% power. The
sonication cycle was repeated after the suspension rested on ice for 5 min. Typically, 4 to 5 total
sonication cycles were performed. The cell debris was then pelleted by centrifugation (32,000g,
| h, 4°C). PMSF (0.25 mM final concentration) was added to the clarified lysate, which was then
loaded onto a nickel metal affinity column (15 mL), which had been equilibrated with lysis buffer.
The column was washed with 10 CV of lysis buffer and 10 CV of medium wash buffer (50 mM
Tris, 50 mM NaCl, 30 mM imidazole, 5% glycerol, pH 7.8). Finally, the protein was eluted with 10
CV of elution buffer (50 mM Tris, 50 mM NaCl, 300 mM imidazole, 5% glycerol, pH 7.8). His,-
OxyB was buffer exchanged on a Sephadex G-25 column (40 mL) that had been equilibrated with
G25 buffer (50 mM KP;,, pH 7). The desired protein fractions, identified by the bright red color,
were pooled and spin concentrated with an Amicon® Ultra-15 30 kDA MWCO spin concentrator
until a final concentration of 25 mg/mL. 5 mL protein elution aliquots were subsequently loaded
onto a BioRad NGC chromatography system equipped with a HiPrep 16/60 Sephacryl S-200 HR
column, which was equilibrated in G25 buffer. His,-OxyB was eluted via FPLC with G25 buffer at
0.3 mL/min flow rate. FPLC fractions that exhibited an elevated Reinheitszhal around 1.5 were
pooled, spin concentrated, flash frozen in liquid N,, and stored at -80°C. Final protein elution was
analyzed by SDS-PAGE and UV/Vis spectroscopy for purity. The Reinheitszahl (Rz) purity ratio
of A4e/Azg increased from ~1.2 to ~1.5 after FPLC-based purification. Based on an Rz of 1.5 and
extinction coefficients of 100,000 M"' cm™' (ferric heme) and 32,600 M cm™ (OxyB), our purified
consists of ~50% holo-OxyB. The final holo-OxyB concentration, rather than total OxyB, was used
to calculate the amount of cpd-I formed in SF UV/Vis and RFQ-EPR experiments.

Synthesis and purification of 7mer peptide substrate
The synthesis of 7mer hydrazine substrates followed the method described previously.? Pure
peptides were verified by HPLC-MS.

Synthesis and purification of Coenzyme A adducts of 7mer peptide

A 10 mM solution of 7mer peptide in a sparged 0.2 M sodium phosphate buffer containing 6
M guanidinium chloride at pH 3 was added to an Eppendorf tube equipped with a stir bar. The
solution was cooled to -10°C in an ice/salt bath. Sodium nitrite (20 equiv.) was added to the
reaction mixture, which was stirred for 30 min at -10°C. Coenzyme A (10 equiv.) was added to
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the reaction mixture. Subsequently, the pH was adjusted to 6.8-7.0 with a micro-pH probe and
the reaction was allowed to warm to room temperature and stir for | h.

The reaction was quenched with MeCN (+ 0.1% FA) to a final volume | mL. Purification of
the peptide-CoA was achieved by repeated injection onto an analytical Phenomenex Luna C18
column (5 pm, 250 x 4.6 mm) that had been equilibrated with 10% MeCN in H,O (+0.1% FA).
The peptide-CoA adducts were eluted with a gradient 10-55% MeCN in H,O (+0.1% FA) over
I7 min. The purified material was verified by HR-HPLC-MS, aliquoted, and lyophilized.

Stopped-Flow UV/Vis Spectroscopy

Stopped-flow UV/Vis experiments were performed on a SX20 Applied Photophysics stopped-
flow spectrometer, equipped with a |150W Xenon Lamp house, 4.65 nm/mm bandpass
monochromator, a photodiode array accessory, and a PolyScience temperature controller water
bath. For a single mixing experiment, 40 yM FPLC-purified OxyB (corresponding to 20 pM ferric
holo-OxyB) and 2 mM mCPBA were loaded in separate syringes, and then rapidly mixed at 4°C
or 20°C to give final concentrations of 10 pM ferric holo-OxyB and | mM mCPBA. Photodiode
array spectra were taken over | s with 1000 timepoints in triplicate (at minimum). The first three
SF-UV/Vis spectra were discarded by practice to push out the contents in the observation cell
from the previous shot.

For a sequential mixing experiment, 40 yM OxyB (corresponding to 20 uM ferric holo-OxyB)
and 550 yM mCPBA were loaded in separate syringes, rapidly mixed at 4°C, aged for Is to
promote the formation of OxyB cpd-l, and then rapidly mixed against variable concentrations of
the 7mer-CoA adduct ranging from 40 pM to 160 uM. Note that excess mCPBA was necessary
to promote maximal formation of cpd-l. The total drive volume was 400 + 20 pL, the premix
volume was 220 + 10 pL, and the flush volume was 180 + 10 pyL with a | s delay time. Photodiode
array spectra were taken over | s with 1000 timepoints in triplicate (at minimum).

Rapid Freeze-Quench EPR

A solution of 400 uM FPLC-purified OxyB (corresponding to 200 uM holo-OxyB) was rapidly
mixed with | mM mCPBA (which was diluted from a | M mCPBA stock in MeCN) via the SFM-
3000 module, which was maintained at 4°C by a Peltier water bath. The final concentrations were
200 pM holo-OxyB and 0.5 mM mCPBA. Underneath the ejection nozzle of the rapid freeze-
quench accessory, a dewar with chilled isopentane equipped with a funnel and EPR tube was
maintained near -140°C to -150°C via liquid nitrogen circulation. The ejected solution was rapidly
quenched in chilled liquid isopentane to form snow-like crystals, which were packed into EPR
tubes with rods pre-chilled in liquid nitrogen. RFQ-EPR samples were then transferred into a
liquid nitrogen dewar for storage. RFQ-EPR timepoints were performed at least in duplicate.

RFQ-EPR sequences were typically divided into two phases: (I) the washing phase which
pushed out the contents of the previous shot; and (2) collection phase to eject the solution into
chilled isopentane bath. Special care was taken to ensure that the total volume of the washing
phase constitutes at least 3 times the volume of the delay line to avoid dilution or cross
contamination. Total flow rate was kept between 0.5 mL/s to 5 mL/s to establish adequate
turbulent mixing conditions. Age time was calculated by assuming that fly time was | ms and that
freeze time was 4 ms, which was subsequently added to the overall age time of the solution in
the ageing hose. Delay lines were swapped out appropriately to modulate the age time.
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Figure S1. Pseudo-1* order binding of OxyB to the X-PCP-7mer. Binding was monitored by the
decay 419 nm Soret band after rapidly mixing | uM holo-OxyB with variable concentrations (40,
80, 100, 160, and 200 uM, left to right) of the X-PCP-7mer at RT in a single-mix SF-UV/Vis
experimental set-up. The data were best fit to a single exponential; the fit parameters are shown.
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Figure S2. Difference UV/Vis spectra measured after reaction of the indicated concentration of
X-PCP-7mer with OxyB.
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Figure S3. Reaction of as-isolated OxyB (40 pM total) with mCPBA (10 mM) monitored by
stopped flow UV/Vis spectroscopy. Spectra at | ms and 500 ms are shown. No transient changes
were observed.
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Figure S4. Further purification of as-isolated OxyB by size-exclusion FPLC chromatography.
Prior to size-exclusion FPLC, as-isolated OxyB has a Reinheitszahl of ~1.2. The right peak (at 660
mL) contains OxyB with a superior Reinheitszahl value of ~1.5. The left peak at ~635 mL is
predominantly apo-OxyB.
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Figure S5. Derivation of the projection operator for target testing. A projection operator (P)
can be used to determine whether a species is involved in the reaction via target testing. For
P=U - U7, U is the first k column vector in the U matrix obtained from SVD. Let Y = P+ X
where X is the target vector for a species. If target testing returns the original vector (i.e. Y =
X), then (I) the species X is an active species in the reaction or (2) the input vector is a linear
combination of the spectra of species involved in the reaction. The latter is highly improbable.
The proof for the projection matrix can be found below.

Derivation of projection operator

Let S be the subspace of R with basis {s1, $3,..., Sk}

Define: | | |

D =181 s ... S8
nxk | |

|
Note that any d € S can be represented Dy = d for some 7 € R*. Because projs# € S for any 7 € R,
projs = D7.
T = projox + projg. &

% — projsX = projg. ¥ € St

The column space of D is the subspace S. Thus, the orthogonal complement of the column space of D is
the subspace S+. Therefore, the null space of DT = S+,

Z — projg@ € N(DT)
DT (& — projg@) =0
DTz — DTpijf =0

Recall, projgZ = Dy for § € R*

Therefore:

projsZ = D(D"D)"'DT%

Note that DT D will always be invertible because the columns of D are linearly independent.

We can now use singular value decomposition (SVD) to find the projection of Z onto subspace S. Following
SVD, D = UXVT. By nature of SVD, U and V are both orthonormal bases, thus UTU = UUT = I,, and
VI = Vi =1

DED =({UBEFT )" (UEV" ) =VE TR UBV" =BT

(EED)E = Var e

P = D(DTD)~'DT = UsvVIVE-2yTveTUT = Uss-2sTyT = U [% g] T =

where P is a projection operator and U’ is the first & column vectors in the U matrix.
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Figure S6. Target testing confirmed that ferric OxyB and cpd-| are present in the original OxyB
mCPBA shunt SF-UV/Vis spectra (see Fig. 2C). As shown, the ferric OxyB target vector (left
panel) is returned with a near-identical projection vector. Similarly, the CYPI|19 cpd-| target
vector (right panel) is returned with a matching projection vector.

1.0+
=) = S
< — Target Vector < — Target Vector
§ — Projection Vector 8 — Projection Vector
& 0.5 §
<] s 02
w (7]
< <
0.0 T T — 1 0.0

I I I I
300 400 500 600 700 300 400 500 600 700

wavelength (nm) Wavelength (nm)

Figure S7. Singular value decomposition analysis of the reaction of OxyB with mCPBA. The
singular values from the SF UV/Vis data matrix are the following: [9.81190296, 0.87190688,
0.09147521, 0.05005056, 0.01984731, 0.00765395, 0.00408359, 0.00400342, 0.00308753,
0.0028924]. Two significant singular values imply two predominant chemical species are present
in the SF-UV/Vis spectra. As shown below, the abstract spectra associated with the first and
second singular values are displayed (left panel). This is in good agreement with reported abstract
spectra for CPO and CYPI |9 shunts.? Furthermore, linear combinations of abstract spectra from
the OxyB mCPBA shunt data matrix recapitulate the CYPI |9 cpd-I target vector (right panel).
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Figure S8. Stopped-Flow UV/Vis assessment of final concentrations of 10 pM holo-OxyB with |
mM excess mCPBA at 4°C. Shown are full photodiode array UV/Vis spectra as a function time
(top) and the UV/Vis difference absorption spectrum obtained from subtracting the diode array
spectrum at | ms from that at 400 ms (middle). A feature diagnostic for cpd-l with a A, at 695
nm is obtained, similar to the results from experiments conducted at 20°C (see Fig. 2F). As in Fig.
S6, target testing confirms the presence of cpd-l in this dataset (bottom). The kinetics at 4°C are
also biphasic with fast (80.4 s, 0.15 AU at 419 nm) and slow (4.7 s, 0.49 AU at 419 nm) phases.
The amplitude change suggests that 64% of available ferric heme generated cpd-I, thus a ~1.5-fold
greater yield relative to 20°C.
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Figure S9. CW X-band EPR spectrum of holo-OxyB (100 pM) in the presence of X-PCP-7mer
(300 pM). Simulations to the high-spin (top) and low-spin (bottom) components are shown in
red. See main text for simulation parameters.

-
08 =1

086 -

—— OxyB + 7mer PCP-X

04t —— High-Spin Simulation -

02 =

dy"/dB
o
I
1

06 =1

1 1 1 | | 1 1 1 | 1
50 100 150 200 250 300 350 400 450 500

Field (mT)

0.8¢ T T T T T

—— OxyB + 7mer PCP-X
04 Y/ |

— Low-spin Simulation

0.2 -

dx'"/dB
[=]
1

04k -

-0.8F -

! 1 1 1 I | 1

200 250 300 350 400 450
Field (mT)

St

https://doi.org/10.26434/chemrxiv-2023-28q5w ORCID: https://orcid.org/0000-0003-2707-4854 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-28q5w
https://orcid.org/0000-0003-2707-4854
https://creativecommons.org/licenses/by-nc-nd/4.0/

Figure S10. CW X-band EPR spectrum of holo-OxyB (100 pM) with increasing concentrations
of the X-PCP-7mer. The intensity of both substrate-dependent high- and low-spin features (see
Fig. S5) are enhanced with increasing substrate concentrations.
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Figure S 1. EPR power dependence of the cpd-l composite spectrum after mixing holo-OxyB
with mCPBA to give final concentrations of 100 uM and 0.5 mM, respectively, and quenching at
70 ms. EPR spectra were collected at 10 K.
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Figure S12. Power saturation profiles of the composite spectrum of cpd-l and paramagnetic
contaminant at 7 K. The samples were generated as described in Methods by quenching a reaction
with final concentrations of 100 uM holo-OxyB and 0.5 mM mCBPA at 70 ms. EPR spectra were
then recorded at 7 K as a function of power as indicated. The profiles are shown in three regimes,
low (top, 2 yW—10 mW), medium (middle, |0—80 mW), and high power (bottom, 100200 mWV).
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Figure S13. Simulation of cpd-| spectra after RFQ-EPR spectroscopic assessment of OxyB (100
uM final holo-OxyB) with mCPBA (0.5 mM final) and quenching at the times indicated. Similar
spectra are observed at each timepoint. As in the SF UV/Vis experiment (Fig. 2E), optimal cpd-I
signal is observed at the 70 ms timepoint.
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Figure S14. Sequential mix SF-UV/Vis spectroscopy to monitor reaction of the cpd-l in OxyB
with 7mer-CoA: 20 pM holo-OxyB was rapidly mixed with 0.5 mM mCPBA, aged for | s, and
subsequently pushed against variable concentrations of 7mer-CoA (ranging from 40 uM to 160
MM. The reaction was monitored at the Soret band (419 nm) and the traces were best fit to single
exponential kinetics. Excess mCPBA was necessary to promote maximal formation of cpd-l. The
auto-decay rate constant is ~0.4 s'. The parameters are shown for each concentration.
Amplitudes, A; time constants, T; observed rate constants, Kqps.
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Figure SI15. Detection of monocyclic product after sequential mix reaction of OxyB with
mCPBA and 7mer-CoA. The reaction was conducted as described in Fig. S14. Subsequently, the
material in the stop syringe was collected and subjected to HPLC-Qtof-MS. The extracted ion
chromatograms show presence of substrate (left, black trace) and the monocyclic product (left,
green trace). For the HR-MS profiles, we have focused on substrate (top, right) or zoomed in to
focus on product (bottom, right). Both substrate and product were also subjected to high-
resolution tandem-MS (Table SI), which provide further confirmation for the presence of
substrate and monocyclic product.
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Table SI. High-resolution tandem mass spectrometric analysis of remaining substrate from the
OxyB reaction. Samples were generated in a sequential mix SF UV/Vis set after mixing OxyB with
mCPBA to generate cpd-l, followed by mixing this intermediate with the vancomycin 7mer-CoA
peptide. The contents of the stop syringe were then quenched and subjected to analysis.
Observed fragment ions and derived sequences are shown for each substrate (below) and

product (Table S2, page S19). Fragments are mapped onto the structure below the table.

lon Calculated m/z Observed m/z Appm Sequence
ba*! 291.17032 291.1721 6.1 MeLeu-Tyr
bs*! 405.21325 405.2142 23 MeLeu-Tyr-Asn
bat! 554.26092 554.2657 8.6 MeLeu-Tyr-Asn-Hpg
bs*! 703.30860 703.3042 6.2 MeLeu-Tyr-Asn-Hpg-Hpg
bet! 866.37193 866.3755 4.1 MeLeu-Tyr-Asn-Hpg-Hpg-Tyr
br*! 1029.43526 1029.4374 2.1 MelLeu-Tyr-Asn-Hpg-Hpg-Tyr-Tyr
M+H-ADP+! 1289.55472 1289.5599 4.0 MelLeu-Tyr-Asn-Hpg-Hpg-Tyr-Tyr
M+H-AMP+! 1369.52105 1369.5261 37 MeLeu-Tyr-Asn-Hpg-Hpg-Tyr-Tyr
0
N .
/\"‘OH »
P~ a e . N
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P
Nao ] /> HO
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Table S2. High-resolution tandem mass spectrometric analysis of product from the OxyB
reaction. See description of Table SI. Observed fragment ions and derived sequences are shown
for the product, which are mapped onto the structure below the table. Notably, the b4 and b5
ions are not observed in the product, and the b6 ion is 2 mass units lighter as would be expected
for the product containing the macrocycle.**

lon Calc m/z Obs m/z Appm Sequence

ba*! 291.17032 291.1677 9.0 MeLeu-Tyr

bs*! 405.21325 405.2160 6.8 MeLeu-Tyr-Asn

bet! 864.35628 864.3505 6.7 MelLeu-Tyr-Asn-Hpg-Hpg-Tyr

b7*! 1027.41961 1027.4175 2.1 MeLeu-Tyr-Asn-Hpg-Hpg-Tyr-Tyr
M+H-ADP+! 1287.53907 1287.5398 0.6 MeLeu-Tyr-Asn-Hpg-Hpg-Tyr-Tyr
M+H-AMP+! 1367.50540 1367.5058 0.3 Meleu-Tyr-Asn-Hpg-Hpg-Tyr-Tyr
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