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ABSTRACT: The P450 enzyme CYP121 from Mycobacterium tuberculosis catalyzes a C-C bond coupling
cyclization of  the di-tyrosine substrate containing a diketopiperazine ring,  cyclo(L-Tyrosine-L-Tyrosine)
(cYY). An unusual high-spin (S = 5/2) ferric intermediate maximizes its population in less than 5 ms in
the rapid freeze-quenching study of CYP121 during the shunt reaction with hydrogen peroxide in acetic
acid  solution.  We  show  that  this  intermediate  is  also  observable  in  the  crystalline  state  by  EPR
spectroscopy. By developing an on-demand-rapid-mixing method for time-resolved serial femtosecond
crystallography with X-ray free-electron laser  (tr-SFX-XFEL)  technology covering the millisecond time
domain,  we  structurally  monitored  the  CYP121  reaction  in  situ at  room  temperature.  After  a  200-
milliseconds  peracetic  acid-containing  hydrogen  peroxide  reaction  with  the  enzyme-substrate
microcrystal slurry at room temperature, a ferric-hydroperoxo intermediate is observed. Its SFX crystal
structure is determined at 1.85 Å resolution. The intermediate SFX structure has a hydroperoxyl ligand
between the heme and the native substrate, cYY. The oxygen atoms of the hydroperoxo are 2.5 and 3.3
Å from the iron ion. The end-on binding ligand adopts a near-side-on geometry and is weakly associated
with the iron ion, causing the unusual high-spin state for a compound 0-type of intermediate. The near
side-on geometry and positioning of the hydroperoxo only 2.9 Å from the cYY phenol oxygen imply an
active oxidant role of the intermediate for direct substrate oxidation in the non-hydroxylation carbon-
carbon (C-C) bond coupling chemistry. 

INTRODUCTION
The heme prosthetic group is ubiquitous, where its
inimitable electronic properties are utilized by nearly
every aerobic organism to catalyze a wide array of
chemical  reactions.  Heme-based  enzymes  such as

catalase, oxygenase, peroxidase, and peroxygenase
share catalytic  intermediates in  the early stage of
their  reactions,  which  then  deviate  with  distinct
outcomes.1 These intermediates can be short-lived,
high-energy  complexes,  making  their



characterization  a  challenge.  A  ferric-bound
hydroperoxo intermediate, often termed compound
0  (cpd  0),  is  a  common  reaction  intermediate  of
diverse heme enzymes.2 Cpd 0 is a precursor for the
iron(IV)-oxo porphyrin π-radical  cation intermediate
(compound I,  cpd I),3 a  common active oxidant  in
heme-based  chemistries  (Scheme  1A).  In  some
cases,  the  ferric-hydroperoxo  intermediate  can  be
used as an alternate oxidant instead of cpd I, such
as  in  the  proposed  catalytic  cycle  of  nitric  oxide
synthase  and  some  engineered  cytochrome  P450
enzymes (CYPs).4-6

Cpd  0  is  typically  generated  for
characterization  via  cryoradiolytic  reduction  of  the
oxy-ferrous heme complex,2, 5, 7-13 resulting in a ferric-
peroxy  anion  intermediate  which  is  readily
protonated  to  ferric-hydroperoxo  by  a  proton
delivery  network  in  systems  such  as  myoglobin,
peroxidases,  and  catalase.1 Due  to  its  reactive
nature and typical half-life of a millisecond (ms) or
less,  structural  characterization of cpd 0 has been
elusive from intermediates trapped during catalysis.
Only  very  recently  has  a  cpd  0  crystal  structure
captured  during  catalysis  been  obtained  in  the
histidine-ligated  heme-based  tyrosine  hydroxylase
with  an  alternate  fluorinated  substrate14 and
lactoperoxidase  with  iodide  in  the  active  site.15 In
the P450 catalytic cycle, the dioxygen of cpd 0 has
been proposed to bind in an end-on mode,4 which is
supported  by  experimental  and  theoretical
evidence.5 All  reported  ferric-oxo/hydroperoxo
intermediates in heme-based biological systems are
thus far situated with the oxygen species ligated to
the heme iron in the end-on orientation, resulting in
a 6-coordinate low-spin heme complex. 

CYP121 is a cyrochrome P450 enzyme from
Mycobacterium  tuberculosis that  catalyzes  the
formation  of  mycocyclosin  through  a  two-electron
and O2-dependent reaction via the intramolecular C-
C coupling between the tyrosyl moieties of cyclo(L-
Tyrosine-L-Tyrosine)  (cYY)  (Scheme  1B).16 This
enzyme  is  essential  for  the  viability  of
Mycobacterium tuberculosis,17 making it a potential
drug  target.18 Its  reaction  has  an  unusual
characteristic at the first step of the catalytic cycle,19

where substrate binding does not trigger a full spin-
transition of the heme from low- to high-spin, as is
typically observed in most P450 enzymes (Scheme
1).  The  low-  to  high-spin  state  transition  can  be
initiated  with  the  binding  of  a  synthetic  probe,
cYY(O)Me, where CYP121 shows its true color as a
P450  hydroxylase.20 The  enzyme-substrate  (ES)
complex of CYP121-cYY remains primarily low-spin,
with a minor portion of high-spin observed at  g =
8.00, 3.50, and 1.70 (Figure 1A, trace I), indicating a
partial spin conversion. An X-band ENDOR study has
shown that the lack of a clean spin transition is due
to  an  equilibrium  between  no  distal  ligand,
hydroxide,  and  aqua  ligands.21 The  reaction
catalyzed by CYP121 can also produce mycocyclosin
through a catalytic shunt using hydrogen peroxide or
peracetic acid (PAA). This organic peroxide is known
to  contain  a  percentage  of  hydrogen  peroxide  in
solution due to manufacturing methods.22 Transient
kinetic studies using stopped-flow UV-vis and rapid
freeze-quench  EPR  (RFQ-EPR)  to  observe  the
reaction  of  CYP121  with  cYY  and  PAA  show  no

spectroscopic sign of cpd I accumulation in CYP121
but  rather,  an  unusual  high-spin  intermediate  is
observed after peracetic acid addition prior to the
product formation.19 A nearly complete conversion of
the ES complex to the high-spin ferric heme-based
intermediate has  previously  been  observed,  which
formed in solution in the dead time after  reacting
the ES complex with PAA. The rapidly formed high-
spin (S = 5/2) ferric intermediate was observed by
RFQ-EPR  with  partial  rhombicity  and  observed  g-
values of 6.87, 5.77, and 2.00 (Figure 1A, II).

The formation of  this  CYP121 intermediate
requires both cYY and peracetic acid.  It  should be
noted that the immediate and complete conversion
of an ES complex to a high-spin ferric heme-based
cpd  0  intermediate  upon  peroxide  oxidation  in
CYP121  is  the  first  example  of  its  kind  and
unprecedented  in  heme  chemistry.  It  is  also

markedly  different  from  low-spin  to  high-spin
transitions induced by substrate-binding observed in
many P450 and other heme enzymes prior  to the
addition of  an oxidant (Scheme 1A),  including the
high-spin  signal  in  CYP121  induced  by  binding  of
substrate analog cYY(O)Me,20, 23 and is not generated
by excess hydrogen peroxide at a pH range of 5 – 9.
In the millisecond time domain, the unique high-spin
ferric intermediate decays to an EPR-silent species.
Until now, the chemical nature of the high-spin ferric
heme-based  intermediate  remains  uncharacterized
Here,  we  report  a  unique  high-spin  ferric-
hydroperoxo  intermediate  bridging  the  iron  atom
and  substrate  in  a  thiolate-ligated  P450  enzyme
characterized  by  time-resolved  serial  femtosecond
crystallography,  stopped-flow  absorbance
spectroscopy, and EPR.

In  the  present  work,  a  slurry  of  single-
crystals used in EPR spectroscopy has determined a
sequential  population  of  two  distinct  high-spin
intermediates that have not been observed in P450
chemistry. The high-spin intermediate has only been
observed to populate in crystallo, due to the highly
transient nature in  solution,  and maximizes  within
120 s  to the rhombic high-spin species which has

Scheme 1. Typical catalytic shunt pathway in cytochromes P450, including CYP121 with a substrate
analog, cYY(O)Me (A); and proposed catalytic pathway for CYP121 with its native substrate (B). The
bracket  represents  proposed  intermediates.



been observed in solution state RFQ-EPR within a 5
ms dead time window of the mixing between the ES
complex  and  peroxide.  In  an  effort  to  structurally
characterize this  in crystallo observed intermediate
by  EPR,  we  utilized  a  Drop-on-Tape  single-crystal
rapid  mixing  method  with  PAA  vide  infra,  in
conjunction  with  in  situ,  time-resolved  serial
femtosecond  crystallography  (tr-SFX)  with  X-ray
free-electron  laser  (XFEL)  pulses.24-25 With  the
development  of  the  rapid-mixing  method,  we  are
able to observe directly, and in real time, the 5-ms
high-spin  ferric  intermediate  at  room temperature
without  quenching.  Together  with  single-crystal
slurry  EPR  spectroscopy,  we  describe  an
unprecedented  thiolate-ligated  heme  intermediate
structure which suggests that CYP121 utilizes cpd 0
and iron(IV)-oxo (compound II, abbreviated as cpd II)
to  oxidize  its  cYY substrate  for  C-C  coupling.  This
mechanism  is  distinct  from the  well-characterized
pathway of hydroxylating P450s.

EXPERIMENTAL PROCEDURES
Protein  expression  and  purification.  The
methods for growth and expression of CYP121 from
Mycobacterium tuberculosis in Escherichia coli strain
BL21(DE3)  and  purification  have  been  previously
described.19 The isolated enzyme is known to be a
functional homodimer with a buried surface area of
1300 Å2 based  on the recent  19F  NMR studies,26-28

though  it  crystallizes  as  a  monomer.  The  enzyme
purity  was  judged  based  on  SDS-PAGE
electrophoresis and RZ values, and the activity assay
was  described  previously.19-20 Peracetic  acid  was
purchased from Sigma-Aldrich, which contained 39%
peracetic acid and 6% hydrogen peroxide (13% of
the total peroxide).
Preparation  of  crystal  complexes.  Before
crystallization, the  N-terminal His6-tag was cleaved
from CYP121 and cocrystallized with cYY  using the
procedure  described  previously.20-21 Crystals  were
obtained  from  drops  with  a  1:1  ratio  of  the  pre-
formed ES complex (10 – 14 mg/mL enzyme in 50
mM Tris-HCl  pH  7.4,  2  mM cYY)  to  mother  liquor
solution after a growth period of 2 – 4 weeks. Figure
S1 shows the packing in the crystal lattice.
Stopped-flow  absorption  spectroscopy.
Stopped-flow studies were carried out on an Applied
Photophysics  SX20  stopped-flow  system  using  a

photodiode array to obtain multi-wavelength kinetic
data.  The  assay  conditions  consisted  of  5  μM
CYP121, 400 μM cYY, and 0.25 – 32 mM hydrogen
peroxide after rapid mixing. A stock solution of 76
mM cYY was  made by  dissolving the substrate in
DMSO, keeping the DMSO concentration  less  than
2%  (v/v)  after  mixing.  To  mitigate  enzyme
degradation from addition of concentrated amounts
of  DMSO,  the  substrate  was  suspended  in  buffer
before  addition  of  enzyme.  Experiments  were
carried out at 22°C in 100 mM potassium phosphate
buffer at pH 5, 7.4, and 9.
Rapid  freeze-quench  EPR  spectroscopy.

Experiments were carried out using a System 1000
chemical/freeze-quench apparatus made by Update
Instruments,  Inc.  An  isopentane  bath  was
maintained at  −155 °C and liquid ethane used to
rapidly freeze the ejected sample and filled the EPR
tube during sample packing. Reactions were carried
out by mixing 409 μm CYP121 and 1 mM cYY with 20
mM PAA in a 1:1 ratio at room temperature in buffer
consisting of 50 mM Tris-HCl, pH 7.4. The reaction

Figure  2.  Single-crystal  UV-vis  monitoring  of  the
CYP121  ES  complex  crystal  reaction  with  peracetic
acid  and  crystal  reaction  product  analysis.  (A) ES
complex reaction with peracetic acid monitored by a
single-crystal  UV-visible  microspectrophotometer  in
real-time. An image of the crystal and the difference
spectra is shown in the inset. The initial ES complex
spectrum (navy) is observed to transition to the E only
state (red) by the shifting of the α/β band and decay of
the charge transfer band, which indicates loss of the
ligand from the active site. This ES to E transition is
observed in the minutes time window depending on
the  size  of  the  single-crystal,  and  it  suggests
substrate-to-product conversion. (B) HPLC analysis of
the supernatant from CYP121-cYY crystal reaction with
peracetic acid. (I) Mother liquor in which crystals are
stored in, (II) mother liquor with 2 mM peracetic acid,



mixture  was  rapidly  frozen  in  liquid  ethane  after
reaction at varying time intervals in the millisecond
time domain and carefully  packed into EPR tubes.
The excess liquid ethane was gently vacuumed off
and freeze-quenched samples were stored in liquid
nitrogen until analysis. EPR spectra were recorded at
9.4-GHz microwave frequency with 1.002 mW power
using  a  Bruker  E560  EPR  spectrometer  with  an
SHQE-W resonator at 100-kHz modulation frequency
and 0.6 mT modulation amplitude. The temperature
was  maintained  at  10  K  by  a  cryogen-free  4  K
temperature  system  for  data  collection.  Studies
using hydrogen peroxide as the oxidant were carried
out  with  similar  enzyme  and  substrate
concentrations with the oxidant concentration of 32
mM  and  mixed  in  a  1:1  ratio.  EPR  spectra  were
recorded at 20 K using 1.002 mW power.
Single-crystal slurry EPR spectroscopy. Crystals
of  similar  size  (~500 μm) and  shape  (needle-like)
were collected in a 1.5 mL Eppendorf tube to a final
crystal volume of ~50 μL and a total mother liquor
volume of  500 μL.  The  solution  containing crystal
slurry was mixed homogenously and 100 μL placed
into  a  4  mm  quartz  EPR  tube  containing  mother
liquor  for  a  final  volume of  200 μL.  Crystals  were
evenly  dispersed  throughout  the  sample  before
rapidly freezing in liquid ethane to measure the ES
complex. Parallel samples were made, and peracetic
acid was added to a final  concentration of  5 mM,
rapidly  manually  mixed,  and frozen  for  each time
point.  EPR  spectra  were  recorded  at  9.4-GHz
microwave frequency with 1.002 mW power using a
Bruker  E560  EPR  spectrometer  with  an  SHQE-W
resonator at 100-kHz modulation frequency and 0.6
mT  modulation  amplitude.  The  temperature  was
maintained  at  20  K  by  a  cryogen-free  4K
temperature system. Quantitative simulation of the
EPR spectra was performed with EasySpin,29 and the
simulation parameters are given in Table S1.
Product  analysis.  Crystals  previously  harvested
and  stored  were  used  for  reaction  with  peracetic
acid. An aliquot of crystals was placed in a new 1.5
mL Eppendorf tube after resuspending the crystals
in the storage tube. The crystals were pelleted, and
crystallization buffer removed and set aside for use
as  control  samples  leaving  approximately  10  μL
crystal volume. The control sample was partitioned
into two tubes with one charged with peracetic acid
to  a  final  concentration  of  2  mM.  A  fresh  2  mM
peracetic  acid  solution  was  prepared  in
crystallization  buffer  and  used  to  resuspend  the
crystals.  The  reaction  was  stopped  after  1  hr  by
pelleting the crystals and removing the supernatant,
which  was  then filtered with  a 10 Kda centrifugal
filter (Millipore) before 20  μL of filtrate was loaded
onto an InertSustain C18 column (5μm particle size,
4.6 X 100 mm, GL Sciences Inc.). The samples were
analyzed using a Thermo Scientific Ultimate-3000SD
HPLC  rapid  separation  system  equipped  with  a
photodiode array detector. The chromatograms were
recorded with a full range of wavelengths from 190
to 800 nm and HPLC profiles presented in this study
were  chromatograms  monitored  at  295  nm.  The
elution method has been previously described.19

SFX  and  Structural  determination  of  the  ES
complex  crystals  and the reaction  with  PAA.
SFX-XFEL  diffraction  data  presented  in  this  work

were collected at the Linear Coherent Light Source
(LCLS),  Menlo  Park,  CA,  during  experiments  LU50,
LV43,  P112,  and  P199A.  The  ES  complex  crystals
were  vortexed  using  a  Teflon  bead  (Hampton
Research Inc) to reduce their size to ~30 μm in a 1.5
mL  Eppendorf  tube  and  the  appropriate  mother
liquor. Vortexing causes the crystals to crack in the
x,  y,  and  z axes,  greatly  reducing  their  size  and
increasing  their  surface  area.  The  resulting
microcrystal  slurry  was  measured  for  the  resting
state or mixed with peracetic acid directly before X-
ray  exposure  using  the  drop-on-drop  approach
described recently and updated in the main text. In
this setup, the crystal slurry was dispensed onto a
Kapton conveyor belt in the form of 2 nL droplets at
30  Hz  deposition  frequency  using  an  acoustic
injector24 resulting in a sample consumption rate of
3.6 µL/min. A second droplet dispenser located 40
mm  upstream  of  the  X-ray  interaction  point  was
used  to  dispense a  burst  of  10 droplets  of  60 pL
each of a 250 mM stock solution of peracetic at a
rate  of  1.6  kHz  onto  the  same  conveyor  belt.25

Droplet  ejection  was triggered in such a way that
two droplets out of each burst hit  and mixed with
each of the larger crystal slurry drops resulting in a
final concentration of 14 mM peracetic acid in the
crystal-containing drop. The drops were transported
at a belt speed of 200 mm/s from the droplet mixing
to the X-ray interaction point,  resulting in  a delay
between  mixing  and  X-ray  probing  of  200  ms.
Diffraction data were collected at 1.30 Å wavelength
using a Rayonix MX340-HS detector in 4x4 binning
mode at a repetition rate of 30 Hz with  4 mJ/pulse
(LU50) or 2.2 mJ/pulse (LV43), a pulse duration of ~
35 fs, and an X-ray beam size at the sample of ~3
μm in diameter. 

Data  acquisition  was  tracked  with  the
cctbx.xfel graphical  user  interface.30 The  jobs  run
the  core  program  dials.stills_process to  index  and
integrate  the  images  while  providing  real-time
feedback, as part of the larger cctbx.xfel and DIALS
processing suite.31-35 A first estimate of the detector
position  (distance and beam center)  was obtained
from  a  powder  diffraction  pattern  of  silver(I)
behenate  (Alfa  Aesar).  After  initial  spot  finding,
followed  by  indexing  strong  reflections  and
integration  using  dials.stills_process,  a  round  of
metrology refinement was done. The second round
of indexing and integration was performed with the
refined  detector  position.  After  correction  of  the
integrated intensities for absorption by the Kapton
conveyor  belt,  final  data  integration  and  merging
were  performed  using  cctbx.xfel.merge using  the
ev11  error  model  with  the  synchrotron  structure
(5WP2.pdb) as reference. The small molecules used
for modeling (YTT, HEM, and PEO for cYY, heme, and
hydroperoxo)  were  fetched  from  the  PDB,  and
Phenix generated the ligand restraints. Justification
of  the  resolution  cut-off  for  the merged data  was
determined  based  on  multiplicity  in  the  highest
resolution shell and on CC1/2 (monotonic decrease).

Data  refinement  was  completed  using
Phenix.36 The small  molecule parameter files were
downloaded  from  the  PDB  and  refined  into  the
structure one at a time. The  Rfree test sets for each
data set utilized the default setting in phenix.refine
(10%)  and  phenix  was  allowed  to  optimize  this



during refinement. To determine occupancy level of
the  hydrogen  peroxide  heme  ligand,  the  oxygen
atoms  of  the  ligand  were  analyzed  in  a  stepwise
reduction  fashion from 0.90 –  0.30 and refined at
each step with the occupancies  box unchecked in
the  refinement  strategy.  When  the  dictated
occupancy  level  showed  no  overfitting  or
underfitting  of  the  ligand  model,  the  occupancies
box was checked under refinement strategy to allow
phenix to optimize the occupancy level of the ligand.

RESULTS
Observation of the high-spin intermediate by
single-crystal  slurry  EPR  spectroscopy.  The
production phase of the high-spin ferric heme-based
intermediate  after  peroxide  addition  to  the  ES
complex is before the deadtime of the freeze quench
setup in the solution state. Therefore, we attempted
to observe this intermediate in the crystalline state.
The  single-crystals  of  CYP121  in  complex  with  its
substrate,  cYY,  were  obtained  as  described
previously.20-21 For  EPR  measurement  of  the  ES
complex,  approximately  one  thousand  equivalent
co-crystalized  single-crystals  in  a  mother  liquor
solution  were transferred in random orientation  to
an  EPR  tube,  flash-cooled  with  liquid  ethane,  and
stored  in  liquid  nitrogen.  The  large  number  of
crystals  used  was  necessary  for  signal  averaging
due  to  varying  crystal  orientations  in  the  sample
tube. EPR analysis of the crystal slurry revealed an
expected  6-coordinate,  low-spin  (LS)  ferric  heme
species (gz,  gy,  gx: 2.45, 2.24, 1.91), which matches
the  observed  spectrum  of  the  solution  state  ES
complex  (Figure  1A,  I).  A  small  percentage  of
rhombic heme species exists in the high-spin (HS)
state with resonances observed at  g = 8.09, 3.55,
and  a  gx value  indiscernible  from  the  baseline  is
present.  It  belongs  to  the  ES  complex,  not  the
resting  state  (Figure  1A,  I),  as  found  previously.19

Thus, the typical substrate-induced low- to high-spin
transition for P450 enzymes is not observed in EPR
with a slurry of crystals, consistent with the solution
EPR results. The majority of the cYY-CYP121 complex
remains in the LS state.

Four  parallel  samples,  each  containing
thousands of the ES complex crystals, were used for
reaction with 5 mM PAA and flash-cooled in liquid
ethane at progressive time points in each set of the
replicate  experiments.  The  ms  time  domain  is
inaccessible for EPR characterization of  in crystallo
reaction using hand mixing, with the fastest access
time being approximately 5 s for mixing,  reaction,
and freezing.  Within 30 s of reaction, a new high-
spin signal with observed g-values of 6.43, 5.76, and
2.00 appears in the spectrum (Figure 1B, III), which
maximizes  at  120  s.  Formation  of  this  signal  is
accompanied  by  near-complete  disappearance  of
the  initial  ES  complex  high-  and  low-spin  heme
signal  (Figure  1B,  IV).  Comparison  of  the  single-
crystal slurry EPR spectra to solution-state RFQ-EPR
shows that the 60 and 120 s spectra are consistent
with  the  5  –  500  ms  RFQ-EPR  spectra  shown  in
Figure 1A spectra II and III and Figure S2. Simulation
of  the  120  s  spectrum  without  a  rhombic  6-
coordinate high-spin component (Figure S3)  led to
residuals  showing  imperfect  fitting,  indicating  that
the g = 6.43 resonance is an integral component of

the spectrum (Figure S3). The minor g-value shift is
due  to  the  difference  between  the  solution  and
crystalline states, as the g = 8.09 resonance of the
ES complex was previously noticed at  g  = 8.11 in
the solution state.19 The relative concentrations of
the  EPR-active  species  and  simulation  parameters
used for quantification can be found in Table S1, and
each component used to reconstruct the entire 120
s  single-crystal  slurry  EPR  spectrum  is  found  in
Figure S4. The simulation shows five components: a
low-spin,  5-coordinate high-spin,  axial  6-coordinate

Figure 3.  A hydroperoxyl ligand observed  in situ by
time-resolved SFX-XFEL of CYP121 cocrystallized with
cYY microcrystal slurry reacted with peracetic acid for
200  ms.  (A)  The  ES  complex  at  1.65  Å  resolution
(7S0O.pdb) and (B) the 200 ms intermediate at 1.85 Å
resolution (7RUK.pdb). The 2Fo-Fc electron density map
is  contoured  at  1  σ  (gray),  and  the  Fo-Fc electron
density map is contoured at 3 and -3 σ (colored green
and red, respectively).  The left panels show the omit
map of the ES complex and the 200 ms intermediate
without modeling the sixth ligand in the axial position
of the heme iron. In contrast,  the right panels show
the electron density after modeling a ligand. For the
200 ms intermediate,  the shape of  the omit map is
elongated  rather  than  spherical,  as  expected  for  a
water  molecule.  A  peroxide  ligand  refined  into  the

Table  1.  Time-resolved  room  temperature
SFX-XFEL  data  collection  and  refinement
statistics  for  the  ES  complex  and  200-ms
reaction intermediate with peracetic acid

Description CYP121 + cYY

(ES)  
no oxidant

Ternary
complex  (cpd
0)  
Δt = 200 ms

PDB entry 7S0O 7RUK
data collection
no.  of  lattices
used  for
refinement

10856 11569

space group P6522 P6522
a, b, c (Å� ) 78.6,  78.6,

265.3 
90, 90, 120
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reflections

58932 41826

redundancy 67.1 (9.8) 48.3 (8.1)
Rsplit 0.14 (1.042) 0.20 (0.92)
I/σI 4.54 (0.538) 3.01 (0.587)
completeness 99.9 (99.7) 99.9 (98.9)
CC1/2 0.984 (0.140) 0.84 (0.257)
Refinement
resolution (Å� ) 31.8 – 1.65 33.2 – 1.85 



high-spin,  rhombic  6-coordinate  high-spin,  and
isotropic g = 4.27 signal present in the spectrum.

Parallel-mode EPR detected no integer-spin
signals from PAA oxidation of the crystal slurry. With
the  high  concentration  of  PAA  to  maximize
production of the 120 s high-spin intermediate, no
regeneration  of  the  initial  low-spin  species  was
noted during the decay of the intermediate high-spin
signal.  The similarity between the 120 s high-spin
heme  signal  generated  in  crystallo and  RFQ  in
solution supports the same intermediate formed in
both  states.  To  confirm  the  high-spin  species
detected  by  EPR  are  on-pathway  and  therefore
catalytically relevant, one intact crystal was exposed
to oxidant and monitored by UV-visible spectroscopy
on  the  minutes  time  scale.  It  was  observed  to
transition  from  the  cYY-CYP121  complex  to  the
ligand-free CYP121 via the α/β and charge transfer
bands, indicative of product leaving the active site
(Figure 2A). This was confirmed by a bulk in crystallo
reaction  where the supernatant  analyzed by HPLC
showed  an  elution  at  5  min  with  the  UV-visible
spectrum  correlating  with  previous  reports  of
mycocyclosin (Figure 2B). Detection of mycocyclosin
in  conjunction  with  these  in  crystallo reactions
monitored by EPR resemble solution state reaction
RFQ-EPR  spectra,  which  indicates  that  these
observed intermediates are indeed on-pathway and,
therefore mechanistically relevant.
Structural  characterization  of  the  early
intermediate  by  time-resolved  SFX-XFELs. To
access early reaction intermediates during CYP121
turnover, we improved our recently developed drop-
on-drop method for studying reactions in crystallo.24-

25 This approach utilizes the Drop-on-Tape approach
but includes a second droplet dispenser that allows
for the addition of tiny volume droplets to a large
crystal  slurry  containing  drops  at  variable  delay
times  before  X-ray  probing.  A  photograph  of  this
mixing device is shown in Figure S5. This on-demand
strategy  rapidly  mixes  and  initiates  reactions  of
almost  any  substrate  over  a  wide  range  of
concentrations  within  any  microcrystal  slurry  to
study catalytic reactions ranging from tens of ms to
several seconds (see Methods for details). Substrate
concentration, mixing, and reaction initiation are a
function of how many ~30 – 80 pL volume droplets
(between 0 – 50) are added with turbulent force to
the approximately 2 – 4 nL crystal slurry drop as it
moves  toward  the  X-ray  interaction  region.  Each
particular reaction time point is determined by the
speed of the Kapton belt and the distance between
the droplet  mixing point  and the X-ray interaction
region.25 Compared to  the previous  version  of  the
setup, we reduced the distance between the mixing
point and the X-ray interaction region, enabling us to
access  shorter  mixing  times,  and  improved  the
control  and  visualization  of  the  droplet  collision
region,  allowing for  the  reproducible  addition  of  a
larger number of droplets to the microcrystal slurry
drops.  Since  the  SFX-XFEL  method  requires
microcrystals,  we  conducted  tr-SFX  experiments
with  needle-like  microcrystal  slurries  of  the  co-
crystalized  CYP121  ES  complex,  and  each
microcrystal within the slurry was approximately 30
μm  in  length  or  smaller.  The  unique  high-spin
intermediate formed in less than 5 ms in solution

and 120 s in large crystals is expected to develop in
the  millisecond  time  domain  because  the  smaller
the  crystal,  the  faster  the  ligand  diffusion,  and
hence,  the  reactions.37-38 It  should  be  noted  that
peracetic  acid  is  not  a  pure  solution  due  to
manufacturing  methods  and  thus  consists  of
approximately  39%  peracetic  acid,  6%  H2O2,  and
55% acetic  acid.  We quantified  the percentage  of
H2O2 present in the peracetic acid solution used in
our experiments to be 5.5 ± 0.3 wt% by ceric sulfate
titration using previously reported methods.22 

The  SFX-XFEL  dataset  of  the  ES  complex
(Figure 3A) was refined to 1.65 Å resolution (Table
1).  The tr-SFX datasets  were obtained from an ES
microcrystal  slurry  in  mother  liquor  to  which  we
added  14  mM  PAA  (optimized  for  the  tr-SFX-XFEL
setup), which contains 1.8 mM H2O2. Reaction times
ranged  from  200  ms  to  seconds  at  room
temperature  before  reaching  the  X-ray  interaction
region  for  diffraction.  The  tr-SFX  crystal  structure
was solved by molecular replacement and refined to
1.85 Å resolution (Table 1). The atomic models for
the  200  ms  intermediate  structure  and  the  ES
complex  are  very  similar,  with  no  significant
identifiable electron density differences observed on
the protein or the cYY substrate, but with apparent
differences visible at the heme iron. Comparing the
axial  ligand  electron  density  shape  and  ligand
fittings of all tr-SFX data sets in hand from 200 ms to

90  s  (the  latter  obtained  by  in-well  mixing  rather
than the drop-on-drop strategy), we found that the
200  ms  tr-SFX  electron  density  is  fit  most
appropriately  with  an  atomic  model  of  a  heme-
bound hydroperoxo intermediate (cpd 0). This newly
observed elongated electron density (Figure 3B) is
not present in the ES complex or at longer reaction
times at room temperature by tr-SFX.

Assignment of  the partial  hydroperoxo and
partial water axial ligand stems from observations of
the RFQ-EPR spin-state transition from the 5 ms time
point and An initial refinement of a water molecule
into the ligand density of the 200 ms tr-SFX dataset



resulted  in  an  incomplete  fit  with  excess  electron
density  observed  adjacent  to  the  water  and
appropriately sized for an oxygen atom (Figure S6,
panel B). Attempts to fit peracetic acid into the axial
ligand electron density at 100% and 50% occupancy
resulted in unsatisfactory refinements (Figures S6 C
& D). At full occupancy, the peroxide ligand is clearly
over-fitted (Figure S7), whereas reducing occupancy
to 52% yielded a satisfactory fit for all axial ligand
electron  density  with  no  over-  or  under-fitted
difference features present (Figure 3B). 

Notably,  this  peroxide  ligand  is  relatively
weakly associated with the iron ion. The Fe-O1 and
Fe-O2 distances are 2.43 ± 0.11 and 3.27 ± 0.19 Å,
respectively, the O1-O2 bond length is 1.41 ± 0.10
Å, and the Fe-S(Cys345) bond length is 2.40 ± 0.03
Å  (Figure  S8).  The  accuracy  of  these  positional
assignments was determined by perturbation of the
structure  factors  (±[Fobs-Fmodel])  of  the  model  using
the END RAPID method which allows the assignment
of  coordinate  errors  to  individual  atoms.  The
structure  factors  are  randomly  perturbed  in  the
target model generating 100 trials,39 followed by re-
refinement of each of the perturbed datasets using
Phenix, which generates standard deviations of the
reported atom positions. 

The observed Fe-O1 and Fe-O2 distances are
greater than an expected Fe-O bond (average 2.15 Å
length), indicating a weakly associated hydroperoxyl
ligand in a five- or six-coordinate ferric heme center
with a weak axial ligand, consistent with the high-
spin state observed by EPR spectroscopy. The Fe-O1-
O2  angle  of  111.2°  and  a  (Cys345)S-Fe-O1-O2
torsion  angle  of  -162.2°  further  indicate  that  the
peroxide  ligand  is  situated  in  a  near  side-on
orientation. Thus far, side-on binding has not been
observed in any heme-based biological systems and
was previously only characterized in several model
complexes.40-46 It  should  be  noted  that  this  ferric-
hydroperoxo differs from those reported in porphyrin
model  complexes  with a mixed N/O ligand set.  To
date,  neither  end-on  nor  side-on  peroxo
intermediates  have  been  structurally  observed  in
heme-dependent iron enzymes with an axial thiolate
ligand  through  direct  observation  or  trapping
method.  This  ferric-hydroperoxo  found  in  CYP121
with its native substrate is thus the first of its kind. 
Rapid  freeze-quench  EPR  reveals  the
protonation  state  of  the  observed structural
intermediate  from SFX.  While  the  tr-SFX-XFELS
structure  study  shows  an  unprecedented  axial
hydroperoxo heme ligand, the observed Fe-O1 bond
length of 2.43 Å is significantly longer compared to
the  average  of  1.8  Å  for  a  heme  Fe-O  ligand
reported in other low-spin heme Fe-O bound peroxo
structures,  but only slightly longer than the  2.3 Å
average length observed for cpd 0 directly trapped
in  the  reaction  with  a  substrate  (Table  2).14-15

Reported  Fe-O  bond  distances  for  non-porphyrin-
based model complexes with a thiolate-aryl ligation

and  tert-butyl-peroxide  ligand  are  longer,  ranging
from 2.74 – 2.85 Å� . Additionally, the observation of a
hydroperoxo rather than a peracetate ligand when
using an organic alkylperacid raises questions.

As  mentioned  earlier,  the  peracetic  acid
solution consists of acetic acid, peracetic acid, and
H2O2 (55%,  39%,  5.5%,  respectively)  with
corresponding pKa values of 4.8, 8.2, and 11.8. Due
to the multiple components present in solution, we
interrogated the effect  of  each component  on the
formation of the heme axial ligand and defined that
the  high-spin  species  is  generated  specifically  by
peracetic  acid  and  not  H2O2 or  acetic  acid.
Additionally,  the  effect  of  pH  on  cpd  0  formation
using  hydrogen  peroxide  was  screened  to  ensure
that the lack of observed high-spin species was not
due to the protonation state. Firstly,  with the high
amount  of  acetic  acid  present  in  the  oxidant
solution, the effect of pH on formation of the high-
spin signal  was screened using hydrogen peroxide
as the oxidant to determine its ability to initiate the
low- to high-spin transition. A pH range of 5 – 9 was
screened by RFQ of  the ES complex reacting with
hydrogen  peroxide  and  measured  by  EPR  to
determine whether a high-spin signal similar to that
observed  when  using  peracetic  acid  would  be
generated (Figure S9). When monitoring the reaction
within this pH range at progressive time points, the
dominant  species  remained  to  be  low-spin  heme
with  a  small  fraction  of  high-spin  heme  present,
indicating  that  hydrogen  peroxide  does  not
contribute  to  the  high-spin  heme  intermediate
despite the observation of the hydroperoxo ligand in
the  tr-SFX  structure.  Additionally,  at  high  pH  and
long reaction time points, a minor equilibrium low-
spin species is observed with g-values of 2.32, 2.17
(Figure  S10).  These  g-values  correspond  to  those
ferric-hydroperoxo heme species from cytochromes
P450  that  have  been  artificially  generated  by
cryoradiolytic reduction and characterized. 

Next, a 10% hydrogen peroxide solution was
made  using  glacial  acetic  acid  to  mimic  the
conditions of  the peracetic  acid solution,  sans the
peracetic acid, and aged for a minimum of 24 h at
4°C (Figure 4). The buffer capacity was increased to
250 mM to ensure the pH was within reason upon
mixing  a  high  oxidant  concentration  with  the  ES
complex. At early time points, no low- to high-spin
transition is observed. In the seconds time domain,
a small fraction of low-spin heme transitions to the
high-spin heme species. This signal was normalized
to  the  ferric-hydroperoxo  high-spin  intermediate
generated via peracetic acid in 5 ms and overlaps
well, indicating that the same cpd 0 intermediate is
formed in both cases (Figure 4B). The use of acetic
acid alone does not generate the high-spin signal at
any time point (Figure S11), demonstrating that only
the hydrogen peroxide in acetic acid is able to form
the  cpd  0  intermediate,  albeit  less  efficiently
compared to peracetic acid. 

Table 2. Reported Fe-O bond distances in structurally characterized enzyme and model ferric-
peroxo complexes

Enzyme Intermediate Fe-O
(Å� )

O-O
(Å� )

Methodology PDB
entry

Ref.

CYP121 (ternary) ferric-hydroperoxo 2.5 1.4 direct observation 7RUK this



work
CYP121 (binary) ferrous-oxy 2.14 1.23 synchrotron

radiation
1N40 47

tyrosine hydroxylase 2.2
2.4

1.4
1.4

directly trapped 7KQU 14

lactoperoxidase 2.41
2.33

1.48
1.49

directly trapped 7DN6
7DN7

15

chloroperoxidase ferric-hydroperoxo 1.8 1.5 photoreduction 2J5M 2
myoglobin  
(sperm whale)

ferric-peroxo 1.85 1.33 synchrotron
radiation

2Z6T 10

myoglobin  
(horse heart)

ferric-peroxo
ferric-hydroperoxo

1.84
1.78

1.34
1.50

cryoreduction 2VLX 11

oxy-F33Y-CuB-myglobin  
(sperm whale)

ferric-hydroperoxo 1.84 1.22 cryoreduction 5HAV 12

H128N catalase ferric  hydrogen
peroxide complex

2.56
2.89
3.01
3.29

1.54
1.51
1.52
1.52

mutation, soaking 1GGF 48

Model complex Compound Fe-O
(Å� )

O-O
(Å� )

Methodology Ref.

[FeIII([15]aneN4)(SC6H5)(OOtBu)]+ ferric-alkylperoxo 2.74 3.03 synthesized 49

[FeIII([15]aneN4)(SC6H4-p-Cl)
(OOtBu)]+

ferric-alkylperoxo 2.75 3.03 synthesized 49

[FeIII([15]aneN4)(SC6H4-p-OMe)
(OOtBu)]+

ferric-alkylperoxo 2.71 3.03 synthesized 49

[FeIII([15]aneN4)(SC6H4-p-NO2)
(OOtBu)]+

ferric-alkylperoxo 2.77 3.02 synthesized 49

[FeIII([15]aneN4)(SC6H4-p-SC6F5)
(OOtBu)]+

ferric-alkylperoxo 2.85 3.01 synthesized 49

It  is  important  to  distinguish  between  two
possibilities for the heme ligand represented by the
high-spin  signal  observed  in  the  in  crystallo
reactions,  RFQ-EPR solutions  state  studies,  and tr-
SFX structure induced with PAA: (1) a very weakly
associated, singly protonated peroxo ligand or (2) a
fully protonated hydrogen peroxide adduct. As noted
before, H2O2 is not as catalytically efficient as PAA in
the CYP121-cYY reaction at pH 7.4 and 9, and higher
H2O2 concentration  is  needed  for  substrate
turnover.19-20 Next, we revisited the pH dependence
of  the  PAA-dependent  reaction.  Stopped-flow
absorption  spectroscopy  was  used  to  track  the
enzymatic reaction with hydrogen peroxide at pH 5,
7.4, and 9, which distinctly differs from the reaction
kinetics  of  PAA  (Figure  S12).  As  previously
characterized,  upon  addition  of  PAA,  a  transition
from  the  ES  complex  to  E  is  observed,  with  the
decrease  of  the  395  nm  band  and  concomitant
increase at 427 nm within 300 ms, which redshifts
over time to 433 nm.19 The use of H2O2 resulted in
stark differences from PAA where an initial decrease
of  the ES complex Soret  band at  395 nm and an
increase at 419 nm within 50 ms was observed with
no  obvious  changes  elsewhere  on  the  spectrum
(Figure  S13).  At  100  ms,  this  419  nm  band
disappears,  and  the  major  shift  turns  to  the
decrease of the ES complex Soret up to 5 s with a
band  increasing  at  441  nm  through  60  s  of  the
reaction. As the pH increases, this initial transition
observed  within  50  ms  is  much  less  pronounced.
Over a period of 60 s, the enzyme-only Soret band
expected at 419 nm never recovers, likely due to an
equilibrium species from the high concentration of
hydrogen peroxide used. The RFQ and hand-mixed
EPR samples of ES complex reaction with H2O2 at pH
5 used to probe the heme center at progressive time
points  revealed  a  similar  observation  regarding
spectral  differences  compared  to  peracetic  acid

(Figure S9A). As described above, no low- to high-
spin transition of the heme is observed when using
H2O2 alone  as  the  oxidant.  Rather,  the  initial
transition within 30 ms results in a decrease of low-
spin signal intensity coupled with the appearance of
a  minor  radical  signal  at  g =  2.008,  which
maximizes  between  125  –  500  ms  and  then
disappears  in  the  seconds  time  domain.  The
decrease of the low-spin signal indicates formation
of an EPR silent species, likely cpd II, and the signal
is not fully re-formed until after 500 ms. The small
percentage of high-spin signal observed in both the
E and ES complex does not change throughout the
reaction, indicating that it is an inactive form of the
heme. These details are in stark contrast to the use
of  PAA as  an oxidant  where  upon  mixing with  ES
complex, a rhombic high-spin heme species in the
in-crystallo reactions is detected. Thus, with the use
of  H2O2 and  lack  of  formation  of  the  PAA-induced
high-spin ferric heme-based intermediate previously
observed, the 200-ms structure represents a cpd 0
intermediate  corresponding  to  the  unique  6-
coordinate  rhombic  high-spin  heme  observed  in
solution-state RFQ and single-crystal slurry EPR.

DISCUSSION
The cpd 0 heme intermediate in cytochromes P450
has been extremely challenging to capture due to its
inability to accumulate before cpd I formation. Thus,
the  major  technique  that  has  been  deployed  to
generate  this  intermediate  is  cryoradiolytic
reduction  of  the  oxy-ferrous  P450  complex at  low
temperatures coupled with an annealing process at
progressively  higher  temperatures  to  track  the
degradation  of  the  ferric-hydroperoxo  complex.50

These  trapped  and  characterized  complexes  of
oxygen-inserting  enzymes,  P450cam,51 P4502B4,52

and P450ssc,53 have the ferric-hydroperoxo as low-
spin  heme,  consistent  with  a  6-coordinate  end-on



hydroperoxo  ligand  (g-values  summarized  in  Table
3). In sharp contrast, the observations described in
this study indicate the presence of a high-spin cpd 0

intermediate (Scheme 1B), observed in solution and
crystallo initiated  by  adding  an  oxidant  and
observed at room temperature. 

Table 3.  g-Values of  ferric  high-spin,  low-spin,  and hydroperoxo heme species in cytochromes
P450 and other heme-dependent enzymes.

Enzyme Method Substrat
e

High-spin
g1, g2, g3

Low-spin
g1, g2, g3

Hydroperox
o
g1, g2, g3

ref Chemistry

CYP121 none 8.10,  3.50,
1.7

2.49,  2.25,
1.89

19 C-C  bond
forming

CYP121 cYYa 8.11,  3.50,
1.7

2.45,  2.25,
1.90

19

CYP121 oxidant cYY+PAAb 8.09,  3.50,
n.d.

2.45,  2.25,
1.90

6.87,  5.77,
2.00

19,
this
work

CYP121 oxidant cYY+H2O2 8.10,  3.50,
n.d.

2.48,  2.25,
1.90

2.32, 2.17, nd this
work

P450cam cryoradiolyt
ic reduction

camphor 8.0, 4.0, 1.8 2.41,  2.21,
1.96

2.29,  2.17,
1.96

51, 54 O-insertion

P4502B4 O2-
saturated
buffer

Bnzc+CPR
d

8.11,  3.55,
n.d.

2.41,  2.23,
1.92

2.32,  2.16,
1.95

52, 55 O-insertion

P450ssc cryoradiolyt
ic reduction

none 2.34,  2.18.
1.95
2.37,  2.18,
1.95

53, 56 O-insertion

horseradis
h
peroxidase

cryoradiolyt
ic reduction

none 2.32,  2.18,
1.94

57 reduction

chloropero
xidase

cryoradiolyt
ic reduction

none 2.28,  2.18,
1.95

57 halogenatio
n

a,  cYY,  cyclo(L-tyrosine-L-tyrosine),  b,  PAA,  peracetic  acid,  c,  Bnz,  benzphetamine,  d,  CPR,  cytochrome  P450
reductase, n.d., not determined

Those  reported  ferric-hydroperoxo  intermediates
generated  by  cryoradiolytic  reduction  are
representative  of  hydroxylating  P450s,  but  do  not
necessarily include the less studied subset of P450s
that perform other chemistries such as C-C and C-N
bond forming/bond breaking reactions. Initiating the
CYP121  C-C  coupling  reaction  with  peracetic  acid
yields a high-spin heme signal that has never been
reported  in  thiolate-ligated  heme systems  and,  to
the best of our knowledge, is unique to the CYP121
ternary complex. Indeed, if a high concentration of
H2O2 is mixed with enzyme and reacted for 40 s (g =
2.32, 2.17, n.d.), a minor ferric-hydroperoxo heme is
observed  that  is  consistent  with  those
cryoradiolytically  reduced  cpd  0  intermediates.
However, due to the long time point, this is likely an
inactive equilibrium heme species rather than an on-
pathway intermediate.

The  600-fold  increase  in  reaction  rate
observed in the  microcrystals used for the tr-SFX-
XFEL experiment compared to large crystals used for
EPR  spectroscopy  is  a  little  unusual.  The
microcrystals  were  prepared  by  vortexing  large
crystals  which  shattered  them in  the x,  y,  and  z
directions.  While  this  reduces  the crystal  size  and
thickness,  the  exposed  surface  area  is  greatly
increased,  which  means  that  oxidant  is  able  to
diffuse through a small  crystal  more easily than a
large  crystal.  Additionally,  the  crystal  packing  for
CYP121  is  quite  tight,  which  slows  diffusion  rate.
This  effect  is  clearly  visible  also  in  single-crystal
absorption  spectroscopy  measurements,  where

transition of the ES complex to E upon addition of
oxidant is dependent upon crystal size, where larger,
thicker crystals take longer (~15 min) to begin the
transition compared to smaller, thinner crystals (~6
min).  An  image  of  the  crystal  size  difference
between microcrystals and large crystals is shown in
Figure S14.

The modeling of an H2O2 ligand into the 200-
ms  tr-SFX-XFELS  structure  leads  to  questions
regarding the atom source, considering the oxidant
used  for  reaction  is  peracetic  acid  which  is  not
observed in the active site.  Because PAA is  not  a
pure solution, the other components were screened
for  their  potential  role  in  formation  of  the
intermediate  and  to  determine  whether  peracetic
acid or hydrogen peroxide is the active oxidizer. The
peroxides reside in an acidic solution and are mostly
protonated. Thus, the impact of pH on the ability of
hydrogen peroxide to form the high-spin species was
screened from pH 5 – 9 to test the capability of this
small molecule to ligate to the heme iron in different
protonation  ratios.  The  lack  of  high-spin  species
generated at  both low and high pH indicates that
hydrogen peroxide is not able to easily ligate to the
heme  iron  and  initiate  catalysis,  regardless  of  its
protonation  state,  which  is  corroborated  by  the
lower  level  of  product  generation  compared  to
peracetic  acid.  Because  peracetic  acid  is  an
equilibrium reaction generated by mixing hydrogen
peroxide and glacial acetic acid,58 a 10% hydrogen
peroxide  oxidant  solution  was  made  using  this
method and stored for a minimum of 24 h at 4°C. In



this  instance,  a  small  amount  of  peracetic  acid  is
expected  to  be  generated,  which  would  form  the
high-spin heme species. Indeed, this occurs, though
at  a  long  time  point,  likely  due  to  the  low
concentration of peracetic acid present in solution.
At  pH  7.4,  less  than  half  of  the  peracetic  acid
molecules  are  deprotonated.  However,  it  is  likely
that  these  deprotonated  molecules  ligate  to  the
heme iron more readily and lead to higher levels of
product formation which is observed during activity

assays when the pH is increased.20

It  has  been  demonstrated  through  computational
and model complex studies that the spin state of the
ferric-hydroperoxo  complex  is  vital  for  its
reactivity.59-60 The  high-spin  state  of  a  ferric
hydrogen  peroxide  adduct  due  to  the  weak
association  and  near  side-on  geometry  of  the
hydrogen peroxide moiety to the iron ion is a novel
observation.  Comparison of  the 2.40 Å heme Fe-S
bond  length  of  the  200  ms intermediate  to  other
reported synchrotron X-ray and SFX structures (Table
S2) shows that this high-spin state is solely due to
the  weak  association  of  the  near  η2-hydrogen
peroxide  adduct  and  comparable  iron-sulfur  bond
distance on the proximal side of the heme as the ES
complex  structure  at  2.37  Å.  An  early  EPR  study
comparing  the  high-spin  EPR  signal  of  P450s  to
thiolate-ligated  iron  porphyrin  complexes
determined that the presence of the thiolate ligand
to the iron ion increased the rhombicity of the high-
spin signal compared to complexes with an oxygen
or nitrogen axial ligand due to the thiolate pushing
the  metal  ion  out  of  the  plane  of  the  porphyrin
ring.61 Nearly a decade later, another study reported
an  N-ligated  peroxo-porphyrin  complex  with  a
peroxo  ligand  presenting  a  rhombic,  high-spin
species by EPR though its orientation to the iron ion

could  not  be fully  resolved.40 In  this  instance,  the
high-spin ferric  signal  is  rhombic,  with  g-values  of
9.50,  4.20,  and  1.30.  More  recent  studies  of  N-
ligated porphyrin complexes characterized both the
side-on and end-on peroxo/hydroperoxo orientations
via  spectroscopic  methods.44-45 The  decay  of  the
side-on to end-on peroxo orientation is observed by
protonation  of  an  oxygen  atom,  tracked  by  the
decay of the g = 4.20 EPR signal to the rhombic low-
spin porphyrin complex, corresponding to an end-on
ferric-hydroperoxo  complex.  Thiolate-ligated  model
complexes  used  to  study  the  non-heme  enzyme
superoxide  reductase  are  able  to  generate  a
mononuclear  ferric-alkylperoxo  or  hydroperoxo
complex  upon  addition  of  the  corresponding
alkylperoxide or O2, with the complexes reported as
low-spin by EPR, likely arising from a 6-coordinate
end-on species.49,  62-63 These model complexes give
great insight into the spectroscopic characteristics of
an unusual side-on ferric-hydroperoxo intermediate
structurally observed for the first time in a thiolate
heme-based  biological  system,  which  determines
that the high-spin signal captured in RFQ and single-
crystal  slurry  EPR  studies  is  indeed  a  weakly-
associated  hydrogen  peroxide  cpd  0  intermediate.
Additional stopped-flow and RFQ-EPR experiments at
low  pH  using  hydrogen  peroxide  resulted  in  the
intensity  of  the  low-spin  signal  decreasing,
potentially  due to  an accumulating cpd II  species,
and  no  low-  to  high-spin  transition.  After  a  brief
period of time, the low-spin signal re-forms. 

Comparing this high-spin, ferric-hydroperoxo
intermediate with  previously  reported ferric-peroxo
intermediate structures reveals a stark difference in
the hydroperoxo binding orientation relative to the
heme iron. Those published crystal  structures of a
ferric- hydroperoxo intermediate directly trapped in
an  enzyme-mediated  catalytic  cycle  are  from
histidine-ligated heme-based tyrosine hydroxylase14

(TyrH) and lactoperoxidase15 (Figure 5), with all other
structures  such  as  chloroperoxidase2 and
myoglobin10-11 obtained  from  radiolytic  methods
(Figure S15). A CYP121 crystal structure bound with
O2 in  an  end-on  orientation  was  also  previously
reported, which was crystallized in the ferric  state
and  observed  due  to  the  synchrotron  X-ray beam
reduction  of  the  iron  center.47 Comparison  of  the
CYP121 ES complex, enzyme-O2 bound, and cpd 0
intermediate structures is described in Figure S16.  

The  bond  distance  range  and  coordination
angles  reported for  those previously  characterized
ferric-peroxo intermediates of Fe-O (1.9 – 2.5 Å), O-O
(1.3 – 1.6 Å), and Fe-O-O (119 – 138°) are different
from  the  values  observed  in  the  CYP121  ferric-
hydroperoxo intermediate, which has an Fe-O1 bond
length of 2.5 Å, Fe-O2 interaction of 3.3 Å, O-O bond
length of 1.4 Å, and an Fe-O-O coordination angle of
111.2°  (Table  S2).  The  coordination  angle  of  this
intermediate falls well outside the range for reported
end-on  peroxo  intermediates  from  myoglobin,10-11

peroxidases,2 tyrosine  hydroxylase,37 and
lactoperoxidase.15 It  sets  the  chemistry  that  is
performed  by  this  intermediate  apart  from  those
intermediates  of  other  reported  enzymes.  Heme
distortion may also play a contributing factor in the
more side-on binding orientation of the axial ligand.
CYP121 has a much more pronounced heme ruffle



compared  to  the  more  planar  heme  in  TyrH  and
lactoperoxidase  (Figure  S17).  The  distal  oxygen,
which  is  3.3  Å from the heme,  is  2.9  Å from the
phenol oxygen and 3.1 Å from the C3 (ortho to the
hydroxy  group)  of  the  aromatic  ring  (Figure  S8A),
likely  a  stabilizing  factor  that  allows  for  the
accumulation of the intermediate, ultimately leading
to its structural characterization. 

The  orientation  of  the  hydroperoxo  ligand
and  its  proximity  to  the  substrate  hydroxy  group
affects  electron  movement  which  dictates  the
following  intermediate  in  the  catalytic  cycle  and
whether  it  is  sufficiently  oxidizing  to  oxidize  the
substrate.  While  P450s  typically  use  cpd  I  as  the
active  oxidant,  there  is  evidence  that  cpd  0  can
drive oxidation reactions,64 such as in sulfoxidation
and  N-dealkylation  by  P450  BM365 and  olefin
epoxidation  by  P450cam.66 The  P450cam  mutant
T252A demonstrates  that  disruption  of  the  proton
delivery network in the active site forces the enzyme
to use an intermediate other than cpd I to oxidize its
substrate.8, 66 Without delivery of a second H+ to the
distal  oxygen of  the hydroperoxo ligand,  the high-
valent  ferryl  species  cannot  be  formed,  yet
epoxidation  of  the  substrate  was  detected.  This
evidence  leads  to  the  ferric-hydroperoxo
intermediate  as  the  active  oxidant  for  substrate
oxidation.  Comparison  of  CYP121  ES  complex
structure  to  the  active  site  architecture  of  20
representative P450s (Table S3),  indicates that the
proton delivery network is prevalent in this enzyme
family. However, CYP121 is irregular in this respect.
The glutamate or aspartate residue is occupied by a
non-polar  isoleucine  and  the  terminal  threonine,
which delivers the proton to initiate cpd I formation,
is  a serine (Figure S18).  In  conjunction with these
residue  differences,  CYP121  contains  an  arginine,
known to stabilize well-ordered water molecules in
the  active  site  and  to  weakly  interact  with  the
tyrosyl moiety of cYY, which resides in an area that
is  vacant  or  is  generally  occupied  by  a  non-polar
residue such as valine or leucine in other P450s. This
indicates  that  CYP121  likely  does  not  contain  an
efficient  or  effective  proton  delivery  network  to
facilitate  the  protonation  of  cpd  0  for  O-O  bond
cleavage and cpd I formation and, instead, must rely
upon its substrate cYY to provide a hydrogen atom.

Similarly,  the  C-C  coupling  mechanism
mediated  by  CYP121  potentially  uses  the  cpd  0
intermediate as the active oxidizing species rather
than as a prerequisite to prepare for cpd I formation
(Scheme 1B).  The  atypical  end-on,  which  is  near-
side-on,  the  orientation  of  the  hydroperoxo  ligand
positions  itself  differently  from  any  known  heme-
based  cpd  0  intermediate,  orienting  the  distal
oxygen within 3 Å of the substrate hydroxy group,
priming  it  for  hydrogen  atom  abstraction  and
homolytic cleavage of the O-O bond to form cpd II,
which then oxidizes the substrate for a second time
for  diradical  formation  and  eventual  C-C  coupling
(Figure S19). The formation of cpd II as the second
oxidizing  species  has  now  been  corroborated  by
using  hydrogen  peroxide  as  the  oxidant  and
observing  an  EPR  silent  species  forming  and
decaying over a period of one second, along with a
concomitant formation and decay of a minor organic
radical  species.  These findings are consistent with

the  "CYP121  peroxidase"  donation  and  proposed
single electron transfer (SET) processes described in
an  earlier  report,19 and  especially  the  previous
finding of activation of the phenolic O-H, rather than
a C-H bond, is critical for CYP121 reaction.20

CONCLUSION
Since its discovery, CYP121 has been a mechanistic
outlier  in  the  P450  catalytic  family  because  it
remains  predominantly  low  spin  upon  substrate
binding, setting it apart from most of its superfamily.
Therefore,  the  oxygen  activation  strategy  at  early
steps,  especially  the  active  oxidant,  becomes  a
central  focus  for  revealing  CYP121  catalytic
mechanism.  This  cpd  0  intermediate,
spectroscopically  and  structurally  observed  during
the  catalytic  shunt  pathway,  reveals  a  unique
binding mode that deviates from the end-on cpd 0
intermediates  in  other  heme  enzymes.  The
mechanism of C-C coupling catalyzed by CYP121 can
now  be  revised  to  include  a  ferric-hydroperoxo
intermediate, the first of its kind characterized in a
thiol-ligated heme-based enzyme, which is of great
fundamental  importance  for  the  understanding  of
oxygen  activation  for  noncanonical  chemical
oxidation mediated by a P450 enzyme.
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