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Formation of CYP101[FeO;]** (Fig. S1)

To validate pulse radiolysis as a technique to observe the postulated intermediates, we
followed the formation of CYP101[FeO2]?** by reducing CYP101Fe3* with ezq in the presence of
O at 4°C. We find that the rate constant for Oz binding to CYP101Fe?* from pseudo-first-order
plots of k vs [O2] at 418 nm determined by pulse radiolysis (Fig. Sla, k = 2.1 x 10° M 1s7%) is
consistent with that determined by stopped-flow spectrophotometry (Fig. S1b, k = 2.4 x 10°
M~1s71). These rate constants are smaller by a factor of three than that reported by Peterson et al.
(1). The binding of O2 to Fe?*-heme has been described by these authors as a monophasic
reversible reaction with kovs = kif[O2] + kr, where ke= 7.7 x 10° M~ st and kr = 1.06 st at 4°C. We
followed the method of these authors to demonstrate that CYP101[FeO2]?* is formed and remains
stable for 1 min at 4°C (Fig. S1c).
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Figure S1. Formation of CYP101[FeO,]%* a) by pulse radiolysis: a solution of 1 uM of CYP101Fe3*
was reduced with [e ag] = 22 uM corresponding to a dose of 80 Gy, in the presence of excess O,
at 32 uM (the nominal amount of O, added, 50 uM, is lowered by reaction with e 54 to form 0,°*"
see Fig. S2); the rate constant for formation of CYP101[Fe0,?*]: 2.1 x 10° M-* s%; b) by stopped-
flow spectroscopy: a solution of 4 uM CYP101Fe?* with 8 uM camphor was reduced anaerobically
with $,04% and mixed with buffer containing 50 uM 0> at 4°C; rate constant for formation of
CYP101[Fe0;]?*: 2.4 x 10° M1 s, ¢) UV-VIS studies: a N,-saturated solution 5.5 uM in CYP101Fe3*
was reduced by addition of Na;5,04 to 10 uM in the presence of 11 uM camphor, transferred to
a quartz cuvette, and flushed with Oxfor 30 s at 7.0°C; absorbance spectra of CYP101[FeO3]?* (=)
decaying (=) to CYP101Fe3* (m=).
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Simulated changes in O, concentration during pulse radiolysis (Fig. S2)

It is important to note that the Oz concentration, 50 uM before the pulse, decreases because of
the rapid competing reduction of Oz by e aq. We used the Chemical Kinetics Simulator (IBM) and
published rate constants (2) to simulate the reactions shown in Table S1 and determined that the
concentration of O2 available to CYP101Fe?" is 32 uM.
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Figure S2. Simulated change in the concentration of 50 uM O; during pulse irradiation. The
kinetics simulation shows that 32 uM O, is available to bind to CYP101Fe?*; 32 uM is the
concentration of O, used to calculate the rate constant for the formation of CYP101[FeO,]**. The
reactions in Table S1 (2) were used to calculate the remaining O; concentration. Reactions that
involve the protein were not included in this simulation.
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Catalytic activity of CYP101 before and after pulse radiolysis (Fig. S3)

As a measure of the catalytic activity of CYP101, we determined the rate of NADH oxidation
at 387 nm (3). The reaction mixture typically contained 0.5 uM putidaredoxin reductase, 5 uM
putidaredoxin, 0.1 uyM CYP101, 2 mM camphor, 1 mM NADH, and 1 mM t-BuOH, in 10 mM
potassium phosphate buffer, pH 7.4; the determination was carried out at room temperature.
Reactions were started by adding NADH (e3s7 = 0.622 x 10° M~! cm™). Similar catalytic activity
in terms of NADH oxidation was found before (Kobs activity = (3.8 +0.2) x 102 min™!) and after
(Kobs_activity = (3.7 + 0.3)x 102 min™?) pulse radiolysis, which indicates that the irradiation does not
damage the catalytic activity of the protein.
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Figure S3. Catalytic activity of CYP101. The rate of NADH oxidation at 387 nm (3), before and
after pulse radiolysis in the presence of 1 mM t-BuOH, showing that the reaction rate, kobs_activity
=3.7 £0.3 102 min-%, is unchanged by pulse radiolysis.
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Kinetics in deuterated solvent (Fig. S4)

To determine whether there is a solvent isotope effect on the lifetimes of intermediates, we
performed the pulse radiolysis experiments in D20 with deuterated potassium phosphate buffer.
Comparison of the decay at 440 nm in D20 with that in H20 indicates that there is a kinetic isotope
effect of ca. 2. In contrast to data acquired in normal aqueous solution, the initial absorbance
increase is lower; even when the different radiochemical yields (G-values) in both solvents (4) are
taken into account. Nevertheless, an analysis of the kinetics can be performed.
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Figure S4. Reaction of e, with CYP101[FeO;]*" at 4.0°C in deuterated potassium phosphate
buffer. 5 uM CYP101Fe?* and 10 uM camphor in D20 were mixed 1 : 1with 100 uM O, and 2 mM
t-BuOD in D;-potassium phosphate, at pH 7.4, from two gas-tight syringes; the mixture was
irradiated at 80 Gy, ([eag”] = 22 uM) within 30 s after mixing. a) The decay of the absorbance at
440 nm (—) and the fit to a single rate constant kssonm (D.0) = 3.9 x 10% s (—). b) The decay of
the absorbance at 410 nm (—) and the fit to two rate constants: ks10nm-1 (D;0) = 4.0 x 10* s~ and
ka1onm-nn (D20) = 2.3 % 103571 (—)
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Simulation of concentrations of reaction species during pulse radiolysis reaction (Fig. S5)

We used the Chemical Kinetics Simulator (IBM) and published rate constants listed in Table
S1 to simulate the concentrations of the reaction species, including the primary oxidant,
CYP101[FeOOH]?, during pulse radiolysis.

Hydrated electrons react at a diffusion-controlled rate with both O, and proteins (see Table S1). In the
presence of Oy, the yield of reduced protein per e is low (Fig. S5); however, the relatively low yield is
observed only for the reduction of the enzyme; the remainder of the cycle operates quantitatively. The rate
constant for the reaction of e 54 with the entire protein, which reflects reactions with both the heme and the
protein parts of CYP101, is 3 x 10 M-*s! (5,6). In the case of CYP101, the heme is buried and the
surrounding aromatic residues likely act as a sink for 754 (7,8), i.e., the reduction of the heme by e is not
quantitative, in agreement with the literature (5,6). We estimate the yield of CYP101Fe*" from the reaction
of ey with CYP101Fe*, reaction 2, and assume this yield to also apply to the reaction of e g with
CYP101[FeO,]*, reaction 3.

In the absence of O, the reaction of e g and H" with amino acids leads to formation of adducts of e
and H* with amino acids, which subsequently reduce CYP101Fe®** by tunneling or hopping. With O,
present, the majority of e g and H" are scavenged to form O™. Any e or H" adducts of amino acids would
also be scavenged by O,. Thus, the yield of reduction of the heme is lowered in experiments performed
with O, present.
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Figure S5. Simulation of the concentrations of several species formed during the reaction of
CYP101[Fe0;]?** with e.q~. The simulation with the conditions of the product analysis experiment,
i.e., 50 UM CYP101[FeO,]?* reacting with 54 uM eaq~ from a pulse of 200 Gy and with k3 set at 3.9
x 10° Mt s71is shown. Other values of k3 (3.1 — 4.5 x 10° M~ s7%, not shown) were also simulated.
Simulations indicate a maximum vyield of enzymatic primary oxidant, and, hence, of 5-
hydroxycamphor, of 3.1 + 0.6 uM.
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Formation of 5-ketocamphor (Fig. S6)

We used GC-MS to analyze the formation of 5-ketocamphor after pulse radiolysis of CYP101
with camphor present.
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Figure S6. Elution profiles for m/z = 166 with corresponding mass spectra. a) 2 mM 5-
hydroxycamphor mixed with 2 mM H,0; in the presence of 20 uM CYP101; b) 75 uM of
CYP101Fe?*in the absence of camphor in buffer containing 100 pM O, irradiated with a dose of
200 Gy, collected in a sample tube containing 100 uM 5-hydroxycamphor; and c) 50 uM
CYP101Fe3* with 100 uM 5-hydroxycamphor in buffer containing 50 uM O,, irradiated with a dose
of 200 Gy, collected in a tube containing buffer.
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Expression and purification of CYP101 (Fig. S7)

CYP101 was produced and purified as previously described (9), with slight modifications
(3,10). E. coli BL21 cells were transformed with the pMG211 expression vector in a two-step
growth procedure: the growth medium was supplemented with 100 pg/mL ampicilin, 0.5%
glucose, 1% w/w vitamin solution, trace elements (concentrations: 2 mM MgSO4¢7H20, 0.1 mM
CaClz and FeClz2, 50 puM H3BOs4, 0.2 uM CoCl2¢6H20, 1 uM CuSO45H20, 1 uM MnCl2¢4H20,
1 nM NazMoOs4, 1 nM NiCl2e6H20, and 2 uM ZnS0O4). The heme precursor 6-aminolevulinic acid
was added gradually to a concentration of 2.5 mM. Purification was carried out at 4°C. Cell
cultures of 500 mL typically yielded 55-60 mg of protein of high purity — based on the published
extinction coefficient, 102 mMcm™ at 391 nm (11) and the ratio Asg2/Azeo = 1.62 (12). X-band

continuous wave-EPR at 8 K was used to assign the gx, gy, and g: values of 1.90, 2.25, 2.45 to low-
spin, and of 1.78, 3.97, 7.73 to high-spin CYP101Fe®*" and to demonstrate that CYP101 with

camphor bound exists as a 60:40 mixture of high and low spin forms at low temperatures as
expected (13,14).
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Figure S7. Quality of the expressed and purified CYP101. a) UV-VIS spectrum for CO binding
experiment; b) UV-VIS spectrum of purified protein; c) X-band CW-EPR spectrum taken at 8 K in
the absence of camphor for the low-spin form, CYP101Fe3* (==) and in the presence of camphor
for the high spin-form, CYP101Fe3* (==).
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Rate constants used to simulate pulse radiolysis reaction (Table S1)

Table S1

Rate constants of reactions used to simulate changes in concentrations of reactive species during
pulse irradiation (see Figs. S2 and S5)

Reaction number

Reaction

Rate constant

12 b
2a,b
32 b

42 b

10aP
112
122
132
142.b
15°
16°
17°
18°
19°

20°

2e4qt+t2H" - H;

€ aq+ H + H > Hy

€ g + HO® + H*— H20

2H*—>H>

H* + HO®* — H,0

2HO* — H,0,

HO;* + HO®* — O+ H,0

HO* + t-BuOH — t-Bu*OH + H,0
€ aq+ O2+ H* — HO*

H*+ O, — HO*

O, + t-Bu*OH — t-BuOO*® + HO*®
t-BuOO* + HO,* — O, + t-BUOOH
2 t-BuOO*® — + t-BuOOt-Bu + O,
2 HO*— 02+ H0,

€ ag + CYP101[FeO,]?" — primary oxidant
€ aq + H2PO4 — H* + HPO4~

€75 + HO2" + H* — H,0:

H* + HOy* — H.0,

€ aq + t-BU*OH — t-BuO~

H* + t-Bu*OH — t-BuOH

5x 10° M5!
2.5 x 10 Mgt
3x 101 Mist
7.8 x10° M5t
7x10° M5t
5.5 x10° M st
6.6 x 10° M5!
6 x 108 M1s!

2 x 101 Mste
2.1x 10" Mis?
1x10° Mt
1x10° Mt
1x108M1st

8 x 106 M5t ¢
4 x 10° M1ste
2x 108 M st
1.3 x 10 M5t
2 x 101 M5t
6 x 10° M1s!

6 x 10°M st

@ Used to calculate changes in [O2], Figure S2. ® Used to calculate changes in the concentrations of other
reactive species, Figure S5. ¢ Includes the rate constant of e ,q with O,. ¢ Value at pH 7 for the reaction of
HO-* with O,* that includes the contribution of HO,® with HO-*. ¢ Taken to be equal to the rate constant
for the reaction of e 5q with myoglobin (15).
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Energetics of hydrogen abstraction from and hydroxylation of camphor

The energetics of the abstraction of a hydrogen atom from camphor, reaction S1, can be
estimated:

camphorH + Cpd 1 — camphor® + Cpd 2 (S1)

The relationship between the standard electrode potential and the bond dissociation enthalpy

(ADBEH°) in the gas phase for abstraction of hydrogen from carbon 5 of camphor, CH, is:

A H° = [2.11V +E°(C*, H'/CH)]96.5 ky/mol V- + 28.5 ki/mol (16) (S2)

in which E° is an electrode potential, formerly a reduction potential. Equation S2 contains the most
recently published value for E°(H*/H*), —2.11 V (17). With the group additivity method of Benson
(18-20) applied to C-4, C-5, and C-6 of camphor (18,21), we construct reaction S3 to calculate
AgpH® = 397 kJ/mol, with AH°(H*) = +218 kJ/mol (22), for H-C-5:

C-5(2C,2H) + C-4(3C,H) + C-6(2C,2H) —
C*-5(2C,H) + C-4(C*,C,2H) + C-6(C*,C,2H) + H* (S3)

The ABDEH° of 397 kJ/mol calculated here for camphor agrees very well with that calculated

by in silico methods (23). Equation S2 then yields E°(C*, H/RH) =+1.71 V and E*' = +1.30 V at
pH 7 for C-5 of camphor. Compared to the electrode potential of the Cpd 1/Cpd 2 couple of
+1.35V (24), we conclude that, within the error of these calculations, the abstraction of hydrogen
from camphor, reaction S1, is essentially thermoneutral.

The rebound step, reaction S4:

camphor*® + Cpd 2 — CYP101Fe*" + camphorOH (S4)
can be divided into the two half-reactions S5 and S6:

camphor® + H2O — camphorOH + H* + e~ (S5)
CYP101FeOH®** + H" + &= — CYP101Fe* + H,O (S6)

The estimated value for E°' of reaction S6 is +0.97 V (24). To estimate the E®' of reaction S5,
we use the isopropyl radical and 2-propanol as model compounds, as no experimental
thermochemical data for the camphor radical and 5-hydroxycamphor are available. The Gibbs
energies of formation for isopropanol, the isopropyl radical, and water of —173 (19), +142 (19),
and —237 @2 kJ/mol, respectively, allow us to compute a A,,.G°=+78 ki/mol for reaction S7, the

model compound equivalent of reaction S5:
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CH,CH*CH, + H,0 — CH,COHCH, + H" +e- (S7)

With the Nernst equation AG® = nFAE®ox, in which E°ox is now an oxidation potential and F
the Faraday constant, we calculate E°ox = +0.81 V and E®'ox = +1.22 V at pH 7 as estimates for the

oxidation potential of reaction S5. The sum of reactions S5 and S6 is +2.19 V, thus A, G° =

—211 kJ/mol. To obtain values that reflect Gibbs energies in water, hydration energies of
—13 kJ/mol and +16 kJ/mol are added to the Gibbs energies of formation of isopropanol and the
isopropyl radical, respectively. The values of these corrections are estimated from comparisons of
the Gibbs energies of formation of methane and methanol, and of ethane and ethanol, in the
standard state and in water (22). Thus, the rebound step, reaction S4, is favorable by approximately
241 kJ/mol. Given the essentially thermoneutral H-abstraction, reactionS1, we write:

Cpd 1 + camphorH — CYP101Fe®*" + camphorOH (S8)

with A G®'=-241 kJ/mol at pH 7.
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