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The gene encoding the cytochrome P450 CYP121 is essential for
Mycobacterium tuberculosis. However, the CYP121 catalytic activ-
ity remains unknown. Here, we show that the cyclodipeptide
cyclo(I-Tyr-I-Tyr) (cYY) binds to CYP121, and is efficiently converted
into a single major product in a CYP121 activity assay containing
spinach ferredoxin and ferredoxin reductase. NMR spectroscopy
analysis of the reaction product shows that CYP121 catalyzes the
formation of an intramolecular C-C bond between 2 tyrosyl carbon
atoms of cYY resulting in a novel chemical entity. The X-ray
structure of cYY-bound CYP121, solved at high resolution (1.4 A),
reveals one cYY molecule with full occupancy in the large active
site cavity. One cYY tyrosyl approaches the heme and establishes
a specific H-bonding network with Ser-237, GIn-385, Arg-386, and
3 water molecules, including the sixth iron ligand. These observa-
tions are consistent with low temperature EPR spectra of cYY-
bound CYP121 showing a change in the heme environment with
the persistence of the sixth heme iron ligand. As the carbon atoms
involved in the final C-C coupling are located 5.4 A apart according
to the CYP121-cYY complex crystal structure, we propose that C-C
coupling is concomitant with substrate tyrosyl movements. This
study provides insight into the catalytic activity, mechanism, and
biological function of CYP121. Also, it provides clues for rational
design of putative CYP121 substrate-based antimycobacterial
agents.

C-C coupling | cyclopeptide

O ver the last twenty years, tuberculosis has made a dramatic
come-back worldwide and is currently responsible for >2
million deaths annually (World Health Organization fact sheet
on tuberculosis at http://www.who.int/mediacentre/factsheets/
fs104/en/index.html). The major causes are the high susceptibil-
ity of immunocompromised individuals to tuberculosis and the
emergence of numerous multidrug-resistant (MDR) strains of
Mycobacterium tuberculosis, the pathogen responsible for human
tuberculosis (1). This situation has created an urgent need for
novel strategies and drugs to combat this human disease.

The complete sequence of the M. tuberculosis genome re-
vealed various features that help elucidate the physiology of this
pathogen (2). For example, twenty cytochrome P450 (P450)
enzymes are encoded in the genome, presumably linked to the
extensive lipid metabolism found in this organism. P450s are
hemoproteins that catalyze numerous oxidation reactions gen-
erally involving hydrophobic substrates (3). Although these
enzymes have essential functions in eukaryotes, they have long
been suspected to be involved only in catabolic pathways and
secondary metabolite synthesis in prokaryotes (4). However, the
antimycobacterial and antitubercular activities of azoles—a
group of non-selective P450 inhibitors— strongly suggest essen-
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tial functions for M. tuberculosis P450s (5-8). Recently, the gene
encoding the P450 CYP121,rv2276, was shown to be essential for
M. tuberculosis viability: Munro and coworkers (9) were unable
to obtain a chromosomal 2276 knockout mutant of M. tuber-
culosis unless a complementing vector carrying rv2276 was
present in trans. Furthermore, the correlation between the
minimum inhibitory concentration values determined for azole
drugs and the binding constant values of these azoles to CYP121
indicates that CYP121 may be the major target of these azoles
in vivo (9). However, despite structural similarities with the
macrolide oxygenase P450eryF (10), the substrate of, and the
transformation catalyzed by, CYP121 remain unknown. The
elucidation of the reaction catalyzed by CYP121 would allow a
better understanding of M. tuberculosis physiology and the
design of selective inhibitors.

The gene encoding CYP121 is associated in an operon-like
structure with rv2275 (2, 11), suggesting that the two corre-
sponding proteins might be involved in the same metabolic
pathway. Interestingly, Rv2275 was recently shown to catalyze
the formation of tyrosyl-containing cyclodipeptides (12). More
than 90% of the cyclodipeptides synthesized by recombinant
Escherichia coli expressing rv2275 are cyclo(l-Tyr-1-Tyr) (cYY),
with each other cyclodipeptide synthesized representing <5%.
These findings suggest that cY'Y is the main product of Rv2275
activity. We therefore investigated the relationships between
CYP121 and cYY.

Results

Spectroscopic Characterization of cYY Binding to CYP121. UV-Vis
spectroscopy was used to probe the interaction between cY'Y and
CYP121. Increasing concentrations of cYY were added to a
purified CYP121 solution and the mixture followed spectroscop-
ically. Binding of cYY to CYP121 was substrate-like with a shift
of the major Soret band from 415 nm to ~395 nm and the
concomitant appearance of the charge-transfer band at ~645 nm
(Fig. 1). These spectral variations as a function of cYY concen-
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Fig. 1. Spectral titration of CYP121 with cYY. The spectral changes induced
on titration of CYP121 (2 uM) with cYY (0-463 puM) are shown. Spectra
corresponding to 0 and 463 uM cYY are in black. Arrows indicate directions of
change in spectra upon addition of cyclodipeptide. The chemical structure of
cYY is shown with the diketopiperazine (DKP) ring in bold.

tration led us to determine a binding constant value for the
interaction between cYY and CYP121: it was 21.3 = 3.5 uM
(Fig. S1). Such spectral variations are associated with the change
of the heme iron from the low spin (LS) to the high spin (HS)
form (13). However, this transition was not complete as a
significant LS signal persisted even at saturating cYY concen-
trations. 9-GHz EPR spectroscopy was used to study the changes
in the electronic environment induced by cYY binding to the
CYP121 heme. The spectrum recorded at 20 K for ligand-free
enzyme (Fig. 2, black traces) was very similar to that previously
described, showing the enzyme predominantly in the LS state
with effective g-values of 2.49 (g,), 2.25 (gy) and 1.89 (gx) (10, 14).
Upon addition of cYY, the major signal remained typical of LS
ferric heme iron (Fig. 2, blue traces). However, the effective
g-values of the LS species shifted (2.46, 2.25 and 1.90) and the
resonances at gx and g, sharpened, indicative of a modification
of the heme iron environment.

CYP121 Catalyzes the C-C Coupling of cYY Aryl Groups. P450s activity
is dependent on the supply of electrons to the iron from an
electron transport chain. Prokaryotic P450s preferentially use a
two-component system consisting of ferredoxin and ferredoxin
reductase (15). We investigated CYP121 activity in a model
system involving spinach ferredoxin and ferredoxin reductase.
Incubation of CYP121 and cYY in the presence of the electron
transport chain and NADPH (see Materials and Methods for
details on concentrations of the reactants) resulted in complete
consumption of cYY in <10 min (Fig. 3; retention time ~34 min,
[MH]* ion at m/z 327) with the concomitant appearance of a less
hydrophobic product (P1) with a retention time ~26 min and

 2.46

2.49

,2.25/2.25

2600 2800 3000 3200 3400 3600
Magnetic Field(G)

Fig. 2. EPR features of the LS ferric heme of cYY-bound CYP121. 9-GHz EPR
spectra of substrate-free CYP121 (black) and CYP121 after addition of a 2-fold
excess of cYY (blue) were recorded at 20 K under non-saturating conditions
using a microwave power of 0.05 mW and a modulation amplitude of 16 G.
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Fig. 3. cYY conversion by CYP121. CYP121, an electron transport chain,
NADPH and cYY were incubated at 30 °C for various times (0, 1, 3, 10, and 30
min) then acidified and analyzed by LC-MS. Chromatograms were monitored
at 214 nm and are shown for elution times from 10 to 45 min. NADPH and cYY
were identified by comparison with standards. The chemical structure of P1 is
shown.

[MH]* ion at m/z 325 (2-unit different to cYY). The appearance
of P1 was dependent on the presence of both cYY and CYP121
(Fig. S2). The absence of one of the electron transport chain
components or the addition of a P450 inhibitor abolished both
cYY consumption and P1 formation (Fig. S2). The consumption
of cYY was estimated to be 3.8 nmoles min~! nmole ~!, under our
experimental conditions.

We then investigated the chemical structure of P1 by NMR.
Purified P1 was recovered from large-scale incubation. The
NMR spectra of P1 exhibited a single set of 'H and !3C
resonances for the two residues indicative of a C,-symmetric
structure (Table S1). 'H and '3C resonances were readily as-
signed using 1D 'H, 1D 13C, 2D 'H-'H COSY, 2D 'H-13C HSQC,
and 2D 'H-3C HMBC experiments (Table S1). The aromatic
resonances on the NMR spectra consisted of three CH groups
and three quaternary carbons, in agreement with a covalent
modification of the phenyl rings. Indeed, the analysis of homo-
nuclear coupling constants and of characteristic long-range
scalar correlations on the 3C-"H HMBC spectrum indicated the
presence of a C-C bond between the two aromatic cycles in the
ortho position with respect to the OH group (C?! position; Fig.
3). These results are consistent with the mass spectrometry data
showing a 2-unit difference between cYY and P1.

General Structural Features of cYY-Bound CYP121. To investigate
further the molecular basis of the unusual reaction catalyzed by
CYP121, the crystal structure of cY'Y-bound CYP121 was solved
and refined at high resolution (1.4 A). For structural compari-
son, we used the crystal structure of native CYP121 solved and
refined at the same resolution in our laboratory (Table S2) that
is very similar to that previously reported (PDB entry 1N40)
(10). The omit map calculated from the data collected for the
CYP121-cYY complex shows unambiguous electron density for
the cYY in the heme distal pocket (Fig. 44). The cY'Y molecule
occupies the binding pocket with a full occupancy according to
the B-factor of the ligand (10 A2): it was of the same order as the
neighboring residues after refinement. No significant structural
changes were observed between the ligand-free and substrate-
bound CYP121 crystal structures either for the Ca trace (Fig.
S3A; the root mean square deviation after superimposition of
ligand-free and substrate-bound complex is 0.16 A for 388 Ca
atoms) or for amino acid side chains of the substrate-binding
pocket (Fig. S3B).

The cYY Anchoring to CYP121. The diketopiperazine (DKP) ring
faces the 31 helix and B’ helix. One tyrosine side chain points
between helices F and G and the other tyrosine side chain
approaches the iron from the side parallel to the heme and points
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Fig. 4. Crystal structure of cYY-bound CYP121. (A) Fo-Fc electron density
map contoured at 4o level (pink) was calculated after 20 cycles of refinement
upon removal of the ligand. The overall structure of CYP121isin cartoon mode
colored in wheat, the heme and Cys-345 are represented as sticks and colored
in green, with oxygen, nitrogen and sulfur in red, blue and pale yellow,
respectively. (Left) Representation of the active site after removal of cYY.
(Right) The refined cYY is represented as sticks and colored in yellow (carbon
atoms), red (oxygen atoms), and blue (nitrogen atoms). (B) The complex is
shown in cartoon representation, with the heme and cYY represented as
sticks. The CYP121 backbone is in wheat. The heme is in cyan with the iron in
orange, and the cYY isin yellow, with oxygen atomsin red and nitrogen atoms
in blue. The helices are labeled according to the previously published CYP121
crystal structure (10). (C) A stereoview of the active site highlighting

7428 | www.pnas.org/cgi/doi/10.1073/pnas.0812191106

toward the I helix (Fig. 4B). The DKP ring adopts a flattened-
boat conformation with a dihedral angle of 15° between the two
peptide bonds, similar to what has been observed in other
disubstituted DKPs in solution (16). Furthermore, one cYY
tyrosyl faces the DKP ring, a conformation observed for tyrosyl-
containing DKPs in solution (17). In this conformation, cYY
only partially fills the large active site cavity (1350 A3; 10):
numerous water molecules remain in this cavity after cYY
binding, and define two water-filled pockets around cYY (Fig.
4C). The location and conformation of the substrate in the
pocket place the hydroxyl group and the C¢! carbon atom of one
substrate tyrosyl close to the heme (6.25 A and 6.07 A from the
iron, respectively). Binding of cYY to CYP121 involves numer-
ous van der Waals contacts with hydrophobic side chains of
Met-62, Val-78, Val-83, Phe-168, Trp-182, Ala-233, Phe-280 and
the heme macrocycle. A large network of stacking interactions
is observed between Trp-182, Phe-168, the two tyrosyls of cYY
and Phe-280. Only one direct hydrogen bond between cYY and
CYP121 is observed: it bridges one carbonyl of the DKP cycle
and the N®2 of Asn-85 (Fig. 4D). There are water-mediated polar
contacts between the hydroxyl of the substrate tyrosyl pointing
between helices F and G and the main chain oxygen of Thr-77
and between one nitrogen of the DKP cycle and both the main
chain nitrogen of Met-86 and one propionate group of the heme
(Fig. 4D). Finally, a density peak is located 2.7 A from one
propionate group of the heme and at an equal distance (3.6-3.8
A) from each of the six aromatic carbons of the tyrosyl (Fig. 4D).
This geometry is consistent with a cation-7r interaction and
because our crystallization solution contained ammonium sul-
fate we modeled this density with a NH4™.

An Unusual H-Bonding Pattern at the Oxygen-Binding Site. An in-
triguing feature of this structure is the water-mediated H-bonded
network just above the heme upon cYY binding (Fig. 4D). The
substrate hydroxyl (cYY-OH) interacts with the heme iron
through two tightly H-bonded water molecules: WAT2 and
WAT1 (distances between the heteroatoms of ¢Y'Y-OH/WAT?2/
WATI1/Fe: 2.6 A, 2.4 A and 2.4 A, respectively; B-factor values:
15 A2,23 A2, 19 A2 and 9 A2, respectively). The sixth iron ligand
WATT1 is not displaced, as indicated by its B-factor value and by
the position of the iron in the plane of the heme both being
similar to those in the X-ray structure of ligand-free CYP121.
Furthermore, cYY-OH also interacts with the N2 of GIn-385
and one nitrogen of the Arg-386 guanidinium through WAT46,
and this is stabilized on substrate binding (B-factor values of 15
A2 and 9 A2 in ligand-free and cYY-bound CYP121 structures,
respectively). As in the ligand-free structure, the Ser-237 hy-
droxyl interacts with the sixth iron ligand and one nitrogen of the
Arg-386 guanidinium.

We compared the active site pocket between the free and
cYY-bound enzymes: the presence of cYY is associated with
only subtle modifications of the hydrogen bond network above
the heme (Fig. S4). The substrate hydroxyl substitutes a water
molecule (WAT661) with distances of <0.7 A and does not

the water-filled pockets surrounding the cYY. CYP121 is shown in cartoon
representation in wheat. The heme and cYY are represented as sticks. The
heme is in cyan with the iron in orange, and the cYY is in yellow, with oxygen
atoms in red and nitrogen atoms in blue. Water molecules are represented as
red spheres and water-filled pockets are shown in surface mode in red. (D) A
stereoview in stick representation of the active site of CYP121 in complex with
cYY. Cyclodipeptide is shown in yellow, the heme is in cyan with the iron
represented as an orange sphere, CYP121 residues are in green and oxygen
and nitrogen atoms are in red and blue, respectively. Water molecules are
represented as red spheres and the cation presumed to interact with cYY is
shown as a blue sphere. Probable H-bonds between CYP121, cyclodipeptide
and non-bonded molecules are indicated as dotted lines. The numbering of
non-bonded molecules is according to the pdb file.

Belin et al.
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interact with nitrogen of Arg-386 guanidinium whereas
WATG661 is involved in such an interaction in the ligand-free
CYPI121 structure. WAT2 is shifted by ~0.9 A and becomes
H-bonded only to one nitrogen of Arg-386, concomitant with its
stabilization (B-factor values of 33 A2 and 23 A2 in ligand-free
and cYY-bound CYPI121 structures, respectively). All other
interactions are conserved in the two structures.

Discussion

The substrate of, and the transformation catalyzed by, any
particular P450 cannot generally be deduced from amino acid
sequence unless sequence identity with a P450 of known function
is =40%. The greatest similarities between the CYP121 amino
acid sequence and other P450 sequences in databases were
~34% identity, and thus were too low to predict a function for
CYP121 confidently. Nevertheless, the structural similarities
between CYP121 and the macrolide oxygenase P450eryF sug-
gested that polyketides or macrolides may be substrates for
CYP121 (10). Consequently, the identification in our study of the
cyclodipeptide cYY as a substrate is unexpected. However,
binding constant (21.3 uM) and substrate turnover (3.8 nmoles
min~! nmole™!) values are consistent with those reported for
another P450 catalyzing C-C bond formation (18). Furthermore,
very few byproducts were formed during the reaction indicating
high specificity of cYY transformation by CYP121 (Fig. 3).
Cyclodipeptides belong to the large family of the DKP molecules
characterized by a piperazine 2-5 dione ring (Fig. 1). DKPs are
not usual biological substrates for P450s: as far as we are aware,
there are only a few descriptions of metabolic pathways involving
the conversion of DKPs by P450s (19-21). In these cases, the
P450s were suspected to catalyze the insertion of an oxygen
atom. Thus, CYP121 exhibits a novel DKP-modifying activity
that catalyzes the formation of a C-C bond between the two
tyrosyl side chains of cYY. The resulting molecule is not found
in Chemical Abstracts or in the Cambridge Structural Database
(last interrogation in December 2008) and therefore is a chem-
ical entity that has not previously been described.

The catalytic activity of CYP121 together with the resolution
of the X-ray structure of cYY-bound CYP121 raise intriguing
questions about the catalytic mechanism and the final events
leading to the formation of the C-C bond. One feature specific
to the CYP121-cYY complex revealed by our study is the
H-bonded network involving cYY, residues of the active site and
water molecules. In particular, the X-ray structure of cY Y-bound
CYP121 and low temperature EPR experiments indicate that the
sixth iron ligand is not displaced and participates in this H-
bonded network. The difficulty of displacing the sixth iron ligand
has previously been observed upon fluconazole binding to
CYP121 (14). In P450s, substrate binding generally provokes the
displacement of the sixth iron ligand, such that the iron becomes
penta-coordinated and HS (22). In CYP121, a substrate-induced
HS signal was clearly observed only during titration experiments
performed at room temperature. The native CYP121 spin state
has been reported to be slightly sensitive to temperature (23). A
spin state thermal equilibrium for the CYP121 heme iron is
consistent with the absence of any significant HS signal in the
low-temperature EPR spectrum of cYY-bound CYP121.

C-C coupling reactions involve the two carbon atoms being
activated and positioned in sufficient proximity to allow covalent
linkage (18, 24-28). The crystal structure of cYY-bound
CYP121 clearly shows a minimal distance of 5.4 A between two
carbon atoms involved in the final bond. In addition, the NMR
structures of tyrosine-containing DKPs show a preferential
conformation with the tyrosyl side chain facing the DKP ring,
similar to that observed in the cYY-bound CYP121 structure
(17). This preferential conformation does not allow a close
approach of the other tyrosyl for C-C coupling because of steric
hindrance. A possible explanation, in view of the steric con-
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Fig.5. Proposed mechanism for the intramolecular C-C coupling reaction of
cYY by CYP121. For simplification, the DKP ring is represented as a sphere.

straints arising from the chemical nature of the substrate, is that
the two tyrosyl side chains of the substrate rotate around their
Ca-CB bond during catalysis. The X-ray structure of cY'Y-bound
CYP121 clearly shows a large water-filled pocket just above the
substrate tyrosyl side chain facing the DKP ring and approaching
the heme (Fig. 4C). A closer examination of possible movement
indicates that this tyrosyl side chain may adopt another tyrosine
rotamer (change of x1 value from 64° to —177°) without steric
constraints. Any such movement of this substrate tyrosyl side
chain would trigger the movement of the other substrate tyrosyl
side chain, so that it comes to face the DKP ring. These
movements would presumably be coordinated so that the two
tyrosyl side chains are, at some point, sufficiently close together
and in the appropriate orientation to form the C-C bond. A
biradical mechanism has been suggested for other P450-
catalyzed C-C coupling reactions: it involves the highly electro-
philic compound I (Cpdl; Fe'V = O+-) as depicted in Fig. 5 (28,
29). CpdlI can promote the formation of two tyrosyl radicals, as
demonstrated with the horseradish peroxidase, another heme-
containing protein forming CpdlI as the reactive species (30, 31).
Moreover, one of the major reactions observed between two
tyrosyl radicals is the formation of a tyrosyl cross link between
the carbon atoms positioned ortho with respect to the hydroxyl
(32). Consistent with the movements of these tyrosyl side chains,
we propose that the activation of the carbon atoms may proceed
through a radical mechanism (Fig. 5): reaction of CpdI with the
tyrosyl approaching the heme and located ~6 A from the iron
leads to the formation of the first tyrosyl radical and the
FeV(-OH) reactive species or compound IT (Cpdll; step 1) (22).
This first radical then modifies the electronic properties of the
aromatic ring and triggers movements of the tyrosyl side chains;
during these movements, the radical could undergo intramolec-
ular transfer to the other tyrosyl (step 2 and 3). The second
radical is then generated from CpdII (step 4). Alternatively, the
second radical may be generated on the second tyrosyl directly
from the heme reactive species when this tyrosyl points toward
the heme (step 2 and 3'). The final C-C bond is then formed
during the movements of the tyrosyl side chains (step 5 and 6).

The CYP121 gene is essential for M. tuberculosis viability (9),
so the identification of the biological activity of CYP121 may
lead to a better comprehension of the pathogen’s physiology.
This has implications for the fight against tuberculosis. Several
observations argue for the CYP121 activity we describe being the
biological function of CYP121. First, the gene encoding CYP121
is organized in an operon-like structure with 7v2275 (11); rv2275
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encodes a cyclodipeptide synthase (CDPS) which mainly syn-
thesizes cYY (12). Second, the presence of the same chromo-
somal organization of rv2275 and the gene encoding CYP121 in
all sequenced M. tuberculosis complex genomes suggests that it
has biological significance. Third, several studies of the M.
tuberculosis transcriptome indicate that rv2275 and rv2276 are
not silent and, indeed, are strongly expressed in mycobacterial
cells (33-35); furthermore, CYP121 has been detected in my-
cobacterial extracts (9). According to our results, the require-
ment for CYP121 might be linked either to a toxic effect of cYY
in the cell or to an essential function of the product of cYY
transformation by CYP121. Note that DKPs express a wide
range of biological activities in prokaryotes, including enzyme
inhibition and regulation of gene expression (36). Our study
provides a valuable basis for investigating the role of cYY and its
product of transformation by CYP121 in mycobacterial extracts;
this should led to the identification of the essential function of
CYP121 in M. tuberculosis.

Our work makes another potentially useful contribution to the
fight against tuberculosis. The identification of a CYP121 sub-
strate may be extremely valuable for the design of antimycobac-
terial drugs. In addition to being essential to M. tuberculosis
viability, CYP121 may be the main target of azoles, a group of
antimycobacterial agents (9). However, the use of azole-derived
inhibitors in medicinal treatment often leads to serious side
effects due to inhibition of host P450s. Designing P450 substrate
analogues is a common means for obtaining selective inhibitors
with fewer side effects (37). Our findings and the proposed
mechanism, could be used to modify cYY in such a way that C-C
coupling could be prevented leading to substrate analogues not
transformed by CYP121. Analysis of the X-ray structure of
cYY-bound CYP121 indicates that there are no steric constraints
to the addition of small chemical functions to the carbon atoms
involved in C-C coupling. Further analysis of the X-ray structures
of ligand-bound CYP121 will allow the design and synthesis of
more efficient CYP121 inhibitors with clinical potential for
treating M. tuberculosis infections. Alternatively, analogs of the
product of cYY transformation by CYP121 identified in this
study might also be developed as original CYP121 inhibitors.

Materials and Methods

Production and Purification of CYP121. CYP121 production, purification and
characterization were generally as previously described (23) with some mod-
ifications (S/ Materials and Methods).

MS. Electrospray mass spectrometry (MS and LC-MS) was carried out using an
Esquire HCT ion trap mass spectrometer (Bruker Daltonik GmbH, Germany) in
the positive ion mode. Nebullization and desolvation conditions were opti-
mized to obtain maximum sensitivity. For MS analyses, the CYP121 solution
was desalted using Zip Tip C4 (Millipore, Waters) and was directly infused at
a flow rate of 3 pL/min. For LC-MS analyses, acidified samples were injected
onto a C18 Atlantis column (4.6 X 150 mm, 3 um, 90 A) equilibrated in 0.1%
formic acid and elution was carried out at 600 pL/min with a linear gradient
of 90% CH3CN in 0.1% formic acid. During elution, the flow was split with
8.3% directed to the electrospray mass spectrometer. HyStar/EsquireControl
software was used for full scan MS acquisitions. Data analysis software was
used for data processing.

The cYY Solutions. cYY was obtained from NeoMPS and solutions (10-120 mM)
were prepared in DMSO (Sigma-Aldrich). Concentrations of cYY solutions were
determined by amino acid analyses on an AminoTac JLC-500/V amino acids
analyzer (JEOL, Japan) using standard conditions and samples diluted 1 in 50 in
water to reduce the DMSO concentration to <2%. A calibration table obtained
with a standard amino acid mix (from Pierce) was used for quantification.

CYP121 Absorbance Spectroscopy. A double-beam Uvikon 943 spectrophotom-
eter and 1-cm pathlength quartz cells were used for absorbance experiments
with CYP121. Spectral titration with cYY was done at 20 °C according to
standard procedures (13). Difference spectra were used to calculate the
overall absorbance variation for each cYY concentration. Thereafter, the
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calculated values were plotted against the relevant cYY concentrations. Data
were fitted to arectangular hyperbola that was used to determine the binding
constant, Ks. Values reported are means of four independent experiments.

Electron Paramagnetic Resonance Spectroscopy. 9-GHz EPR spectra were re-
corded at 20K on a Bruker Elexsys E500 spectrometer fitted with a standard
TE102 cavity equipped with a liquid helium cryostat (Oxford Instrument) and a
microwave frequency counter (Bruker ER 049X). Frozen solutions of substrate-
free and substrate-bound enzyme in 50 mM Tris-maleate pH 7.2 were ana-
lyzed in 4 mm-quartz tubes. For the substrate tests, 40 uL of native enzyme
solution (at 0.30 mM) was mixed with 0.5 uL of concentrated cYY solution to
obtain a 2-fold substrate excess in the final mix.

Enzyme Assay. CYP121 activity against cYY was detected by incubating puri-
fied CYP121 (5 uM) and cYY (=0.1 mM) at 30 °C with 1 uM spinach ferredoxin
(Sigma-Aldrich), 0.1 unit spinach ferredoxin-NADP* reductase (Sigma-
Aldrich), and 1 mM NADPH (Sigma-Aldrich) in 60 mM K;HPO4/KH;PO4 at pH
7.2. The reaction was started by adding NADPH (100 mM stock solution) after
5minincubation at30 °C. Atvarious times, 80 uL aliquots were withdrawn and
the reaction was stopped by adding 5 uL 20% trifluoroacetic acid: these
samples were then analyzed by LC-MS.

Large-Scale Incubation. Large-scale incubation of cYY with CYP121 was carried
out in a 20-mL reaction mixture consisting of 0.6 mM cYY (3.9 mg), 5 uM
CYP121, 1 puM spinach ferredoxin (Sigma-Aldrich), 4 units of spinach ferre-
doxin-NADP* reductase (Sigma-Aldrich), 4 mM D-glucose-6-phosphate (so-
dium salt, Sigma-Aldrich), 20 units of yeast glucose-6-phosphate dehydroge-
nase (Sigma-Aldrich), 0.4 mM NADP*, and 10 mM MgCl; in 100 mM Tris-HCI pH
7.2.The reaction mix was incubated at 30 °C for 4 h with the addition of 4 mM
D-glucose-6-phosphate every hour. The sample was then acidified and cen-
trifuged and the constituents were separated by semipreparative reverse
phase HPLC (C18 column 10 X 250 mm, 5 um, Vydac) using a linear gradient
from 0to 25% CH3CN (1% CH3CN increase/min) in 0.1% trifluoroacetic acid at
a flow rate of 3 mL/min, monitored with UV detection at 220 nm. The desired
fractions were collected and lyophilized. Aliquots were analyzed by LC-MS to
check purity and confirm the identity of the compounds collected.

NMR Spectroscopy. The NMR experiments were recorded on a Bruker Avance
Il spectrometer equipped with a TCl cryoprobe and operating at a 'H fre-
quency of 500 MHz. Lyophilized samples (=1 mg) were dissolved in DMSO-dg
(Eurisotop) and spectra were recorded at 27 °C. 'H and '3C resonances were
assigned through the analysis of 1D 'H, 1D '3CJMOD, 2D "H-"H COSY, 2D 'H-"3C
HSQC and 2D 'H-'3C HMBC (optimized for long-range heteronuclear cou-
plings of 8 Hz). 'H and '3C chemical shifts were referenced to the DMSO solvent
signal (2.50 and 39.5 ppm, respectively). NMR experiments were processed and
analyzed with the Bruker TOPSPIN 2.0 program.

Crystallization and Collection of Diffraction Data. Purified CYP121 (10 mg/mL;
~230 uM) was crystallized by the sitting drop method using conditions similar
to those previously described (38). Cocrystals of CYP121 in complex with cYY
were obtained similarly but using a solution containing 2 mM cYY in addition
to the protein. The crystals were cryo-cooled in liquid nitrogen, and all
datasets were collected at the ESRF on beamline ID23-2 at 1.4 A resolution.
The data were processed with MOSFLM and scaled with SCALA from the CCP4
package (39). The structure of our native CYP121 was solved by molecular
replacement with the program MOLREP from CCP4 (40) using the available
structure of CYP121 as a search model (PDB entry 1N40) and our native
dataset. The structure was refined with REFMAC from CCP4 (41) and inspected
with the program TURBO-FRODO (42); it was found to be very similar to the
published CYP121 structure (PDB entry 1N40; root mean square deviation on
388 Ca 0 0.09 A) with only slight differences at few amino acid side chains and
at the dioxygen that is not observed in our structure (10). In the case of the
complex, cYY was built at the end of the refinement process based on the Fo-Fc
electron density map and the quality of the electron density was compatible
with a complete building of the molecule. X-ray analysis statistics are summa-
rized in Table S2.
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