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ABSTRACT: The ultimate step in chloramphenicol (CAM) E.iipoin 28 Fallpgll 180.p
biosynthesis is a six-electron oxidation of an aryl-amine +180 CAM (180, X
precursor (NH,-CAM) to the arylnitro group of CAM R l

catalyzed by the non-heme diiron cluster-containing oxygenase © P © &
Cmll. Upon exposure of the diferrous cluster to O,, Cmll £
forms a long-lived peroxo intermediate, P, which reacts with H’N\H /N\ /"\O L
NH,-CAM to form CAM. Since P is capable of at most a two- el -y M=l &
electron oxidation, the overall reaction must occur in several +Fe'Fe” +Fe'Fe +Fe'Fe CAM

steps. It is unknown whether P is the oxidant in each step or

whether another oxidizing species participates in the reaction. Mass spectrometry product analysis of reactions under '*O, show
that both oxygen atoms in the nitro function of CAM derive from O,. However, when the single-turnover reaction between '*0,-
P and NH,-CAM is carried out in an °0, atmosphere, CAM nitro groups contain both '*0 and 'O, suggesting that P can be
reformed during the reaction sequence. Such reformation would require reduction by a pathway intermediate, shown here to be
NH(OH)-CAM. Accordingly, the aerobic reaction of NH(OH)-CAM with diferric CmlI yields P and then CAM without an
external reductant. A catalytic cycle is proposed in which NH,-CAM reacts with P to form NH(OH)-CAM and diferric CmlL
Then the NH(OH)-CAM rereduces the enzyme diiron cluster, allowing P to reform upon O, binding, while itself being oxidized
to NO-CAM. Finally, the reformed P oxidizes NO-CAM to CAM with incorporation of a second O,-derived oxygen atom. The
complete six-electron oxidation requires only two exogenous electrons and could occur in one active site.

B INTRODUCTION Scheme 1. Reaction Catalyzed by Cmll

Aryl-nitro-containing molecules serve in many industrial and 02
commercial markets, including materials, dyes, explosives, and lel
pharmaceuticals. The traditional preparation method of such Xe y02
compounds, direct nitration by nitric acid, poses safety HO™" Cl Ho™ ‘Nm)\m
concerns and lacks regioselectivity.' Newer, more selective

nitration schemes suffer from similarly harsh reaction NHZ-CAM CAM
conditions.” Here we turn to biology to examine the production
of aryl-nitro-containing natural products from aryl-amine
precursors. Not only are such products synthesized under
mild, ambient conditions, but they fulfill many important
antibiotic and cytostatic functions in nature and have both
realized and potential applications to human health.> One
example of such a compound is the antibiotic chloramphenicol

characterized enzymes known to perform this conversion:
Cmll and AurF, both of which are non-heme dinuclear iron-
cluster- contalmng enzymes, and PrnD, a Rieske-type non-heme
iron oxygenase.” '’ AurF acts on a precursor of the
antimicrobial natural product aureothin, catalyzing the

(CAM, Scheme 1), which is synthesized in Streptomyces oxidation of aminobenzoate to nitrobenzoate.'' Glyen the
venezuelae by the nonribosomal peptide synthetase (NRPS) strgctural .su‘mlarlnes be‘twee‘n A‘.lrF. and leI’ including 349
CmlP and associated tailoring enzymes." The final tailoring amino acid sequence identity, it is f:ea51ble that. thesse two
enzyme on the biosynthetic pathway is a non-heme diiron enzymes follow the same N—oxygenatlon .mechamsm. .P.rnI.)
cluster containing oxygenase (Cmll) that catalyzes the catalyzes the final step in the' biosynthesis of the antibiotic
formation of the nitro group via the oxygenation of an aryl- natural product pyrrolnitrin. It is noteworthy that the cofactors

amine precursor (NH,-CAM). of both of these enzyme classes are only capable of at most two-
The enzyme-catalyzed six-electron oxidation of aryl-amines

to aryl-nitro moieties is a process for which mechanistic Received: March 31, 2016
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electron redox chemistry. Thus, the observed six-electron aryl-
amine (NH,-Ar) oxidation reaction of these enzymes presents a
mechanistic puzzle.

The proposals for the mechanism of NH,-Ar to aryl-nitro
(NO,-Ar) oxidation by diiron enzymes can be grouped into
two general hypotheses. In the sequential three-oxidation
hypothesis (Scheme 2, pathway I), the diiron cluster utilizes

Scheme 2. Two Mechanistic Hypotheses for Aryl-Amine
Oxygenation Mediated by Diiron Cluster Enzymes®
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“(I) Sequential three-oxidation mechanism requiring six external
electrons (two for each peroxo intermediate) per turnover and (II)
substrate-mediated reduction mechanism requiring a net of two
external electrons per turnover because the diferrous cluster is
regenerated at the end of the turnover cycle.

external electrons to activate O, in three separate events. Each
activated oxygen species, likely a diiron peroxo intermediate
(see below), effects a two-electron oxidation of the substrate or
an intermediate. A single turnover thus requires six exogenous
electrons. The NH,-Ar substrate is converted to an aryl-
hydroxylamine (NH(OH)-Ar) by the first oxidation, to aryl-
nitroso (NO-Ar) or aryl-dihydroxylamine (N(OH),-Ar) by the
second oxidation, and to the NO,-AR product by the final
oxidation. The diiron cluster returns to the diferric resting state
at the end of the cycle. This mechanism was originally
proposed by Winkler and Hertweck, based on work done on
whole cells overexpressing AurF,” and expanded by Zhao and
co-workers based on work on purified AurF and CmlL%” This
type of mechanism requires either release of intermediates with
subsequent rebinding at another activated metal center or a
system to internally transfer the remaining required oxidizing
equivalents between active sites in different subunits. The latter
possibility seems unlikely given that structural studies show that
AuwrF is only a homodimer, and three sets of oxidizing
equivalents, or a homotrimer, would be required to complete
the reaction in this case.”

The second mechanistic hypothesis, introduced by Bollinger,
Krebs, and colleagues, invokes a substrate-based reduction step
(Scheme 2, pathway II)."> Like the three-step oxidation
mechanism, the substrate-based reduction mechanism begins
with two two-electron oxidations to form first NH(OH)-Ar,
and then N(OH),-Ar, intermediates. Using stopped-flow UV—
vis absorbance and Mdssbauer spectroscopies, it was reported
that the N(OH),-Ar intermediate can act as a reductant,
reducing the diferric diiron cluster to diferrous while itself being
oxidized to the final NO,-Ar product. The overall reaction
utilizes only two diiron peroxo species and results in a diferrous

7412

cluster at the end of the reaction cycle. As a result, only four
exogenous electrons are required for O, activation in a single
turnover, and the final diferrous diiron cluster can be used to
activate O, for the next cycle. Consequently, when considered
over multiple cycles, only two external electrons are required
per cycle to sustain turnover.

Cmll is an ideal enzyme with which to evaluate these two
mechanistic hypotheses for aryl-amine oxidation. We have
shown previously that the chemically competent intermediate
of the reaction cycle, a diferric peroxo species, CmlI-peroxo
(P), can be formed in high yield and has a distinguishable
chromophore that can be followed by UV—vis absorption
spectroscopy at S00 nm. P is remarkably stable (t,,, = 3 h at pH
9 and 4 °C)"" in contrast to the peroxo intermediates of AurF
and other diiron oxygenases.'”~"" This stability allows the key
intermediate to be formed, degassed, transferred to and from an
anaerobic chamber, transferred to stopped-flow or freeze-
quench instruments, and reacted with the NH,-CAM substrate
or one of the other pathway intermediates. Here we show that
aryl-amine oxygenation proceeds by a third mechanism in
which the reaction cycle ends with the diiron cluster in the
diferric state. An N(OH),-Ar derivative is not a required
intermediate. However, diiron cluster reduction by another
pathway intermediate serves to increase efficiency and reduce
the need for external reducing equivalents in a single turnover.
This new mechanism requires only two exogenous electrons,
supplied at the beginning of the reaction cycle.

B EXPERIMENTAL PROCEDURES

Reagents. Water used in all experiments was purified with a
Millipore Super-Q_system. *"Fe (95.5%) was purchased from
Cambridge Isotope Laboratories (Andover, MA). Amino-
chloramphenicol(p-threo-1-(4-aminophenyl)-2-dichloroacetylamino-
1,3-propanediol hydrochloride) (NH,-CAM) was purchased from
Toronto Research Chemicals, Inc. Bicine and other standard reagents
used in this study were purchased from Fisher. '*0, gas (98 atom %)
was purchased from Icon Isotopes, Summit, NJ.

Cmll Growth and Purification. Cmll from S. venezuelae was
overexpressed in recombinant E. coli BL21(DE3) and purified as
previously described.** Briefly, cells were grown from 50 mL LB starter
cultures in 2 L shake flasks of M9 minimal medium in the presence of
100 pg/mL ampicillin to an OD ~ 1.0, at which point 50 uM FeCl;
was added, the temperature was lowered to 20 °C, and cells were
induced with 150 yM IPTG. After an additional 14—18 h of growth,
cells were harvested by centrifugation and stored at —80 °C until
further use. “"Fe-enriched Cmll was prepared from cells grown
similarly except for the addition of *’Fe metal dissolved in a minimal
volume of aqua regia to a final concentration of 25 uM. To purify
Cmll, cells were resuspended in 50 mM potassium phosphate pH 7.4,
300 mM NaCl, 10 mM imidazole, lysed via sonication, and
centrifuged. The resulting supernatant was loaded onto a nickel
nitrilotriacetic acid column (Qiagen) equilibrated in the same buffer.
After loading, the protein was eluted using an imidazole gradient.
Protein-containing fractions were pooled and dialyzed against 25 mM
bicine pH 9 and stored at —80 °C until further use. Cmll
concentrations were determined by the calculated extinction
coefficient checked against denatured protein (&,5 = S0 mM™" cm™).

Synthesis and Characterization of NO-CAM and NH(OH)-
CAM. The nitroso and hydroxylamine derivatives of chloramphenicol
(NO-CAM and NH(OH)-CAM, respectively) were synthesized
according to published methods.'® The reported final purification of
NO-CAM with Sephadex LH20 was not performed. Instead, normal
phase chromatography (SiO,, ethyl acetate) was used as a final
purification step for both compounds. The final purity, estimated via
integration of the 'H NMR, was 90% for NO-CAM and 80% for
NH(OH)-CAM. Residual proteated solvent (5 3.31) was the reference
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compound for "H NMR. These products were characterized and found
to have the spectral characteristics listed below.

2,2-Dichloro-N-[(1R,2R)-1,3-dihydroxy-1-(4-nitroso ) propan-2-yl]-
acetamide (NO-CAM). Green solid: A, = 316 nm (aqueous 0.1%
formic acid). Ry = 0.40 (SiO,, ethyl acetate). '"H NMR (500 MHz,
CD,OD): &, 7.85 (2H, d, J, = 8 Hz), 7.71 (2H, d, J, = 8 Hz), 6.24
(1H, s), 5.14 (1H, d, ], = 3 Hz), 4.18—4.08 (1H, m), 3.82 (1H, dd, J;
=7 Hz, ], = 11 Hz), 3.62 (1H, dd, J; = 6 Hz, ], = 11 Hz).

2,2-Dichloro-N-[(1R,2R)-1,3-dihydroxy-1-(4-hydroxylamine)-
propan-2-ylJacetamide (NH(OH)-CAM). 4., = 237 nm (aqueous
0.1% formic acid). Pale yellow gum: '"H NMR (500 MHz, CD;OD):
Su 725 (2H, d, J, = 8 Hz), 6.94 (2H, d, ], = 9 Hz), 6.930 (1H, s), 4.90
(1H, d, J, = 4 Hz), 405—4.02 (1H, m), 3.72 (1H, dd, J, = 6 Hz, ], =
11 Hz), 3.50 (1H, dd, J; = 6 Hz, ], = 11 Hz).

Preparation of Cmll-Peroxo Intermediate (P). CmlI (0.5—1.5
mM) was reduced under anaerobic conditions with an excess amount
of dithionite in the presence of 0.05 equiv of methylviologen. Excess
reductant and methylviologen were removed using a PD-10 desalting
column (G-25, GE Healthcare) in an anaerobic chamber. Aliquots of
reduced Cmll were exposed to either %0, or '#0, at ~4 °C for several
min. P concentration was determined by absorbance at 500 nm (¢ =
500 M™' cm™) under the assumption of nearly stoichiometric
formation of the intermediate.

NH,-CAM Catalytic Walk. All samples were kept at ~4 °C unless
otherwise stated, and all experiments were performed in 50 mM bicine
buffer pH 9. A sample of P (600 uM) was prepared as described
above. A 200 L aliquot was removed, and an absorbance spectrum
was taken. This sample was then left on the benchtop to decay; a
spectrum was later taken to serve as the P decay control. The
remaining P was degassed to remove excess O,, first by purging with
Ar gas for 20 min, and then by transferring to the anaerobic chamber
and stirring for 10 min in the anaerobic atmosphere. After excess O,
was removed, 1 equiv of NH,-CAM (freshly prepared in the anaerobic
chamber, 10% MeOH, 90% water) was added, and the mixture was
allowed to stir for S min. A 100 uL aliquot of this sample was removed
and quenched in the anaerobic chamber with 100 uL of 5% of TFA for
HPLC analysis. The remaining enzyme—substrate mixture was
transferred into a sealable cuvette and brought out of the anaerobic
chamber. An absorbance spectrum was taken, after which the sample
was exposed to a stream of O, for 2 min. The spectrum of the resulting
sample was taken, and an aliquot was removed and quenched in equal
volume of 5% TFA for HPLC analysis.

NH(OH)-CAM and NO-CAM Catalytic Walks. Diferric resting
state CmlI (560 M) or P (300 uM, prepared as described above) was
degassed first by purging with Ar gas for 20 min, and then by
transferring to the anaerobic chamber and stirring for 10 min in the
anaerobic atmosphere. After excess O, was removed, 1 equiv of
NH(OH)-CAM or NO-CAM (freshly prepared in the anaerobic
chamber, 10% MeOH, 90% water) was added, and the mixture was
allowed to stir for 5 min. A 100 uL aliquot of this sample was removed
and quenched in the anaerobic chamber with 100 uL of 5% TFA for
HPLC analysis. The remaining enzyme—substrate mixture was
transferred into a sealable cuvette and brought out of the anaerobic
chamber. An absorbance spectrum was taken, after which the sample
was exposed to a stream of O, for 2 min. The spectrum of the resulting
sample was taken, and an aliquot was removed and quenched in equal
volume of 5% TFA for HPLC analysis.

Oxygen Isotope Incorporation Experiments. P was prepared
as above, with the appropriate O, isotope. For the reactions in H,'%0,
labeled water was introduced when the enzyme was in the diferrous
state by three cycles of anaerobic concentration and dilution with S0
mM bicine buffer, pH 9, prepared in H,'®O. For the reactions with
80-P, the vial containing the intermediate was brought into an
anaerobic chamber and substrate was added. The sealed vial with P—
substrate complex was brought out of the chamber and kept under a
positive pressure of '80,. Reactions were run for 10 min at 4 °C and
then acid-quenched. After centrifugation to remove protein precipitate,
the supernatant was transferred to an LC/MS vial. Reactions of 160.p
were performed similarly except that the substrate was introduced on
the benchtop.
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Experiment to Evaluate Exchange of Cmll-Peroxo with
Atmospheric 0,. An amount of 1 mL of 80-P (200 yuM) was
prepared as above and stirred on ice for the duration of the
experiment. A stream of '°O, was applied over the sample. Aliquots of
100 pL were removed at time points from 1 to 90 min and reacted
with 0.3 equiv of NH,-CAM. Reactions were run for 10 min and then
quenched and prepared for LC/MS analysis as described above.

Exchange of Products from the Active Site. '%0,-P (200 uM)
was prepared as above, degassed to remove excess O,, and equilibrated
in an anaerobic chamber before 1 equiv NH,-CAM (200 uM) was
added. After a 20 s incubation, 1 equiv N'°O-CAM (200 uM) was
added. The sample was then quickly put under an '*0, headspace and
allowed to react for 10 min. Samples were acid quenched and analyzed
by LC/MS. Control samples were made by adding buffer instead of
NO-CAM.

Spectroscopic and Physical Methods. Mossbauer Sample
Preparation and Analysis. Samples for Mossbauer analysis were
removed at various points from the catalytic walk experiments
described above in which *Fe-enriched Cmll replaced natural
abundance enzyme. To freeze the anaerobic samples, the Mdssbauer
cup containing the sample was placed in a large Reacti-Vial (Thermo
Scientific) while still inside the anaerobic chamber and sealed. After
removal from the chamber, the entire vial was promptly frozen in
liquid nitrogen. The vial was unsealed for spectral studies.

Mbossbauer spectra were recorded with home-built spectrometers
using Janis Research Super-Varitemp dewars, which allowed studies in
the temperature range from 1.5 to 200 K and applied magnetic fields
up to 8.0 T. Mdssbauer spectral simulations were performed using the
WMOSS software package (SEE Co., Edina, MN). Isomer shifts are
quoted relative to Fe metal at 298 K. All M0ssbauer figures were
prepared using SpinCount software."”

UV-Vis and Stopped-Flow. Absorbance spectra were taken on an
Agilent Cary 60 UV—vis spectrophotometer at room temperature.
Stopped-flow experiments were performed using an Applied Photo-
physics model SX.18MV stopped-flow device. In reactions of P with
0, and NH,-CAM or NH(OH)-CAM, P (~260 uM) was prepared as
above and loaded into one syringe. The second syringe contained 130
uM NH,-CAM or 260 uM NH(OH)-CAM in O,-saturated buffer
(~1.8 mM O,). In the reactions of the CmlI"*? with O, and NO-CAM,
Cmll™ (100 uM) was prepared as above and combined with NO-
CAM (100 uM) in the anaerobic chamber. The enzyme—substrate
(ES) complex is nearly stoichiometrically formed at the concentrations
employed. The ES complex was loaded into a syringe in the anaerobic
chamber. The second syringe contained O,-saturated buffer. In these
reactions, the stopped-flow device had been previously scrubbed of O,
by flushing with dithionite solution and then anaerobic buffer. The
kinetic data were analyzed to extract reciprocal relaxation times using
the nonlinear regression function of the Applied Photophysics
ProData Viewer program. Each reaction time course was fit to a
summed exponential expression, eq 1, which is appropriate for a series
of first-order or pseudo-first-order reactions.”” In this equation, Abs, is
the observed absorbance at time t, Amp; is the observed amplitude for
exponential phase i, 7; is the relaxation time for phase i, and Abs; is
the final absorbance at the end of the reaction. For a linear series of n
reaction steps, n phases are required for the fit. Fitting statistics were
reported by the fitting program, and each reaction was repeated at least
10 times to determine the average fitting parameters and errors.

n
(z Amp ™ + Abs,
i=1

Abs,
(1)

Analytical Methods. Metabolite Analysis. To analyze products in
the reaction of CmllI with substrate, 150 uL aliquots of P diluted to
100—300 uM were promptly transferred to precooled Reacti-Vials
with stir bars at 4 °C. The indicated equivalents of substrate were
added to the stirring P. (Substrate stocks were 2—20 mM in 10%
MeOH, 90% water, kept at 4 °C. Normal substrate addition was 1—15
uL, so the amount of MeOH added to the reaction was minimal.)
Substrate equivalents were calculated versus concentration of P unless
otherwise stated. The reactions were run for 10 min unless otherwise
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Table 1. Oxygen Incorporation into CAM Products in the Reaction of P with NH,-CAM*“

oxygen isotope: atmosphere/P/solvent

product oxygen incorporation 50,/'%0,/H,0 % 160,/'%0,/H,'0 % 160,/%%0,/H,"*0 %
CAM 150, 190 04 + 02 10 + 1 100

10, 80 7x2 4 +1 0

180, 0 93 +2 47 +£2 0
NO-CAM 50 4+1 8+6 98 + 2

50 96 + 1 N2+6 3+2

#160,-P or 1%0,-P was reacted with 0.3 equiv of NH,-CAM under different atmosphere and solvent conditions shown. Resultant products were
analyzed by LC/MS as described in the Experimental Procedures. All reactions were done in buffer: 50 mM bicine, pH 9, 4 °C.

indicated, at which point they were quenched with 150 L of 5% TFA
or 75 puL of 10 M HCl/50 uL 7.5 M HCOONa/50 uL 10 M NaOH.
The reaction mixture was centrifuged at 4 °C at maximum speed for
20 min to pellet the protein precipitate, and then the supernatant was
transferred to a clean Eppendorf microcentrifuge tube and either
stored at —80 °C or analyzed by HPLC immediately.

Under the highly acidic conditions of the quench procedure,
NH(OH)-CAM converts to NO-CAM which may subsequently
dimerize.> To control for this nonenzymatic conversion, some
reactions were spin-quenched instead of acid-quenched by centrifuging
an aliquot for 20 min in an Amicon Ultra-0.5 mL 10K (Millipore),
washing the retentate with 150 uL of buffer, and centrifuging again for
another 20 min. Some experimental procedures required an acid
quench. After surveying several acid quench procedures, the 5.0% TFA
acid quench was found to be the least damaging, with retention of
>95% of CAM product and ~70% of the NO-CAM product.

HPLC. HPLC analysis was performed using a Waters 1525 binary
HPLC pump and Waters 2487 dual 1 absorbance detector with an
Agilent Zorbax SB-C18 column. Products were monitored in dual-
wavelength mode at 280 and 316 nm. The method was isocratic 75%
buffer A (water with 0.1% v/v formic acid) and 25% buffer B (MeOH
with 0.1% v/v formic acid) for 15 min followed by a S min wash with
buffer B at a flow rate of 2.5 mL/min. By this method, NH,-CAM
elutes at 1.2 min, NO-CAM at 11.2 min, and CAM at 10 min.

UPLC/MS¢ and Analysis. Instrumentation for UPLC/MS® analysis
was a Waters Acquity UPLC with a Waters HSS T3 C g 2.1 mm X 100
mm column (1.7 ym diameter particles) coupled to a Waters Synapt
G2 HDMS quadrupole orthogonal acceleration time-of-flight mass
spectrometer (Waters Corp., Milford, MA). A 1S min linear gradient
separation was run at a flow rate of 0.400 mL/min at 35 °C using A,
water containing 0.1% v/v formic acid, and B, acetonitrile containing
0.1% v/v formic acid: 3% B, 0—1 min; 3—97% B, 1—9 min; 97% B, 9—
11 min; 97-3% B, 11-12 min; 3% B 12—15 min. Spectra were
collected in negative mode.

Determination of '*0 incorporation into product was complicated
by the fact that the substrate and product both contain two Cl atoms,
for which two common isotopes, **Cl and *’Cl, are two mass units
apart just as 'O and '*0. To establish a baseline for the isotope
patterns, the reaction of P and NH,-CAM was performed under an
160, atmosphere in quadruplicate and the natural abundance at each
m/z was noted. These were loaded into an excel spreadsheet to be
iteratively subtracted from the value obtained from reactions with
180,. Under the these conditions, the retention time for CAM and
NO-CAM was 4.5 min and the retention time for NH,-CAM was 1.3
min. The m/z values for NH,-CAM are 291.03, 293.03, and 295.03,
for NO-CAM they are 305.01, 307.01, 309.01, and 311.01, and for
CAM they are 321.01, 323.01, 325.01, 327.01, and 329.01.

B RESULTS

Two Oxygen Atoms from O, Are Incorporated into
Chloramphenicol. To determine the source of the oxygen
atoms in the nitro-function of CAM, P was formed under either
an °0, or 0, atmosphere and then reacted with NH,-CAM.
Reactions were carried out at 4 °C with 0.3 equiv of substrate,
allowed to run for 10 min, and then acid quenched as described
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in Experimental Procedures. Equivalents of substrate here and
in future experiments are calculated versus concentration of P
unless otherwise stated. When '30,-P was reacted with NH,-
CAM in an '®0, environment, the resulting CAM product was
93 + 2% doubly labeled with '80 (Table 1). NO-CAM,
observed as a minor product, was >95% singly labeled with '*O.
On the basis of the isotopic purity of the '*O, source, we could
expect a maximum of 98% incorporation. Additional '*O
incorporated during the reaction is likely to be due to
contamination from atmospheric O, during experimental
manipulations. Thus, it appears that both of the O atoms of
the CAM product derive from P (and therefore from O,), and
not from H,0. To confirm this, reduced Cmll (CmlI**?) was
exchanged into H,'®0 buffer and then supplied with '°O, to
form '°0,-P. Reaction with NH,-CAM vyielded only '¢O-
containing product (Table 1).

When the reaction of '*0,-P with NH,-CAM was carried out
in an '%0, atmosphere, approximately 50% of the CAM
produced was doubly labeled, while the remainder was either
singly labeled (~40%) or had no 'O incorporation (10%)
(Table 1). NO-CAM product labeling fell slightly, but
remained >90%. No significant difference in oxygen incorpo-
ration was observed when 1.0 equiv of substrate was used
instead of 0.3.

Three possible explanations were considered for why the
aerobic reactions of '0,-P with NH,-CAM incorporate a
significant amount of '°O: (1) P exchanges with water,
converting '%0,-P to '*0/'°O-P and/or '°0,-P, (2) P
exchanges with the atmospheric O,, converting '*0,-P to
160,-P, (3) P reforms with ‘%0, from the aerobic atmosphere
after the P-decay species, diferric Cmll (CmlI®), is rereduced
by a pathway intermediate.

It was shown above that the reaction of '%0,-P in H,®0O
yields only 'O product, indicating that neither the peroxo
species nor products exchange with water. This finding rules
out the first possible explanation. To test the second possibility
and determine whether P can exchange with atmospheric O,, a
stock of '80,-P was made and then placed under a steady
stream of '°O,. At time points between 1 and 100 min, an
aliquot of P was removed and reacted with NH,-CAM for 10
min. No time-dependent change in the 'O incorporation
pattern was observed (Figure S1), showing that P does not
exchange with ambient O,. In the absence of alternative
explanations, the reduction of the enzyme by a substrate-based
intermediate to allow reformation of P with atmospheric '°O,
as part of the reactive cycle is strongly supported. The fact that
>90% of the NO-CAM remained '®O-labeled also supports the
hypothesis that the first oxygen atom is added by an '*0,-P and
the second by a '°0,-P. The reducing agent required to reform
P is identified below.

DOI: 10.1021/jacs.6b03341
J. Am. Chem. Soc. 2016, 138, 7411-7421


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b03341/suppl_file/ja6b03341_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b03341

Journal of the American Chemical Society

Although the fraction of CAM with a mixed oxygen-labeled
nitro group clearly increases in an '°O, atmosphere, a
significant portion of the product remains doubly labeled
with '®0. A possible explanation for this observation is that a
pathway intermediate prior to CAM escapes the active site and
subsequently reacts with unreacted '*0,-P. This possibility is
explored below.

NO-CAM Reacts with P. The detection of NO-CAM by
LC/MS during turnover of NH,-CAM suggests the possibility
that NO-CAM is an intermediate in the reaction pathway. To
test this possibility, NO-CAM was synthesized from CAM
using a zinc reduction method previously reported.'® An
anaerobic solution containing 1 equiv of NO-CAM and
diferrous CmlI (CmlI*!) was rapidly mixed with O,-saturated
buffer at 4 °C (Scheme 3 and Figure 1A) to yield sample A.

Scheme 3
CmlII™ + NO-CAM — CmlI®**-[NO-CAM]
lelmdf[NO-CAM] + 0y — P-[NO-CAM]
P-[NO-CAM] — Sample A
A
[
Q
2
©
€ CAM NO-CAM
8
<02 4
90 95 100 105 11.0 11.5 12.0
Retention time (min)
001 cmired + NO-CAM
400 500 600
Wavelength (nm)
B
~0.04
£
c
8
©0.03 4
Q
e
S
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[72]
§ Fit residuals
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Figure 1. Reaction of CmlI"! with NO-CAM. (A) An amount of 100
UM NO-CAM was added anaerobically to 100 gM CmlI™, forming
the nearly stoichiometric ES complex CmlI**—[NO-CAM] (black
trace) that was rapidly mixed with O,-saturated buffer (~1.8 mM) to
yield sample A (blue trace). Inset: HPLC analysis of CmlI"™*—[NO-
CAM] yielded mostly NO-CAM (black HPLC trace) as expected,
while analysis of sample A shows that the NO-CAM was converted
into CAM product (blue HPLC trace). (B) Stopped-flow time course
of the reaction described in panel A. The time course (black) fits to a
triple summed exponential (red, residuals in blue). 1/7, = 24 + 157},
1/7,=0.6 + 0.1 57, and 1/7; = 0.05 + 0.01 s~ *. Buffer: 50 mM bicine,
pH 9, 4 °C.

The time course of the reaction monitored at 500 nm by
stopped-flow spectroscopy is fit well by the sum of three
exponential expressions with reciprocal relaxation times of 24 +
1, 0.6 + 0.1, and 0.05 + 0.01 s, respectively (Figure 1B).
Given the previously observed rapid, irreversible formation of
P, and the direction and magnitude of the spectral change,14 it
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is likely that the fastest of the values correlates with the rate
constant for P formation. However, it remains unclear whether
the slower two phases arise from a two-step reaction or two
parallel pathways leading to loss of P. In either case, these
reciprocal relaxation times imply that the reaction steps occur
with rate constants 100—1000-fold faster than the rate constant
for P autodecay (~0.0006 s™*). It is evident that the increase in
rate constant for P decay was caused by a reaction(s) that leads
to formation of CAM because analysis of sample A by HPLC
showed only this product (Figure 1, inset). The yield of CAM
was ~50% in these experiments. Less than stoichiometric yields
were consistently observed for reactions utilizing NH,-CAM
and, to a lesser extent, NO-CAM as substrates. The low yields
may result from uncoupling of the reaction at the high enzyme
and substrate concentrations used in single-turnover experi-
ments (see Discussion). A control reaction of diferric CmlI and
NO-CAM yielded no CAM product or spectral changes either
in the presence or absence of O,, demonstrating that NO-CAM
reacts exclusively with the P form of CmllL.

NH(OH)-CAM Reacts with P and CmlI®*. NH(OH)-CAM
was synthesized from NO-CAM by reaction with reduced
glutathione.'® NH(OH)-CAM was reacted separately with P
and CmlI® under aerobic conditions, followed by acid quench.
Remarkably, both reactions yielded CAM as the primary
product, with a small amount of NO-CAM as either a product
or a side product of acid-mediated decay of NH(OH)-CAM.
NH(OH)-CAM is a relatively unstable compound which could
potentially yield CAM in a nonspecific reaction. To explore this
possibility, it was acid quenched in buffer. This control yielded
only NO-CAM product, likely resulting from the acid-mediated
decay of NH(OH)-CAM in the quench procedure. These
results indicate that the observed CAM production was
mediated by Cmll (Figure 2).

s 107 Reaction with 1 X NH(OH)-CAM
3
T 08+ Product
g [ cAM
I
Z 061 [ INO-CAM
g
5 04 -
3 ==
<
2 02
o
>
O
w 0.04

P CmlI®* Buffer

Figure 2. Reaction with 1 equiv of NH(OH)-CAM aerobically for 10
min. The reaction of 300 4uM P or CmlI** with NH(OH)-CAM vyields
primarily CAM product. Control incubation with buffer (50 mM
bicine, pH 9) yields primarily NO-CAM, formed during the acid
quench of the reaction. The apparent yield of NO-CAM is decreased
about 50% by dimerization of the NO-CAM species into azoxy-CAM
(refs 3, 21, and 22). Buffer: S0 mM bicine, pH 9, 4 °C.

When reacted aerobically with a 10-fold excess of NH(OH)-
CAM, P and CmlI* produced 5.9 + 0.6 and 5.7 + 0.1 equiv of
CAM product, respectively, under the conditions of Figure 2.
The remaining NH(OH)-CAM was converted to NO-CAM in
the acid quench. Thus, both reactions are catalytic with no
requirement for external reducing equivalents. This result
suggests that NH(OH)-CAM can provide the reducing
equivalents required to reduce CmlI** and prime it to produce
P in the presence of O,.
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The reaction between Cmll™ and NH(OH)-CAM was
followed by UV—vis spectroscopy to characterize pathway
intermediates. The addition of NH(OH)-CAM directly to
CmlI** (Scheme 4 and Figure 3) in an anaerobic environment

Scheme 4

CmlI*™ + NH(OH)-CAM — Sample B
Sample B + O, — Sample C

0.8

0.6

0.4 1

Absorbance

0.2 1

0.0

460 5(‘)0 6(‘)0
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Figure 3. Optical absorbance spectra and product analysis in the
reaction of 560 yM NH(OH)-CAM with 560 uM anaerobic CmlI**
(red spectrum), which yields sample B (black spectrum) which
contains NO-CAM product (black HPLC trace). Addition of O, yields

sample C (blue spectrum) which contains primarily CmlI®* and CAM
product (blue HPLC trace). Buffer: S0 mM bicine, pH 9, 4 °C.

resulted in the formation of a diferrous Cmll sample B. An
aliquot of sample B removed and quenched anaerobically
yielded an HPLC peak with the same retention time as NO-
CAM. Oxygen was then added to sample B, forming primarily
CmlI*, sample C. HPLC analysis of sample C showed that the
NO-CAM species had disappeared and CAM was formed in its
place. Total CAM yield was ~70% versus initial P
concentration.

The oxidation state of the diiron cluster at each stage of the
reaction was directly determined in a parallel Mdssbauer
experiment as shown in Table 2 (spectra and parameters shown
in Supporting Information Figures S2—SS). The anaerobic
addition of approximately 1 equiv of NH(OH)-CAM to CmlI**
generates sample B, the major component, representing 65% of
the total iron in the sample, of which was assigned to a
diferrous cluster (Figures 4 and S2). The remaining species
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Figure 4. 42 K Mossbauer spectra of a sample after anaerobically
reacting with 1 equiv of NH(OH)-CAM with CmlI*™ (A), and the
same sample after further addition of O, (B). The red lines are
experimental data; the black lines are spectral simulations (see the
Supporting Information for detailed analysis). The blue line represents
the Cmll*™ simulation in A.

were assigned to diferric clusters (~30%) and a small amount
of unassigned mononuclear ferric material (~7%). Addition of
O, to this sample formed sample C, which by UV—vis appeared
as primarily CmlI**. Accordingly, it exhibited the Mossbauer
parameters of the diferric enzyme, which represents ~90% of
the total iron in the sample. The different Mossbauer
parameters of the CmlI™™ before and after the reaction with
NH(OH)-CAM (see Figures S2 and SS in the Supporting
Information) could be due to the perturbation of the diiron
centers by substrate/product binding or a change in the pH of
the cluster environment; further studies are needed to resolve
the detailed mechanisms resulting in such a difference.

Addition of approximately 1 equiv of NH(OH)-CAM to P
resulted in sample D (Scheme S), which has a UV-—vis
spectrum that reflects a mixture of diferric and diferrous species
(Figure S, black trace). Analysis of sample D by HPLC shows
generation of CAM product in ~45% yield versus initial
NH(OH)-CAM concentration (Figure S, inset, black).
Addition of O, to sample D produced sample E (Figure S,
red trace) and an increase in CAM product, presumably arising
from unreacted NH(OH)-CAM (Figure S, inset, red). The
spectrum of sample E is best fit by summing the spectra of
approximately 80% CmlI® and 20% P.

M@ssbauer analysis of parallel samples (Figure S3) is
generally consistent with the results observed by UV-—vis

Table 2. Mossbauer Quantification of Cmll Forms during Single-Turnover Reactions

sample”
species (%)” = F?
CmlI™ 303 90 =3 17 £3 85 +3 35+3 75+S
Cmlr™ 65 +3 68 +2 0 30+ 3 0
unassigned mononuclear ferric species 7+ 9+3 14 +3 14+3 30+5 23+5

“Mbssbauer spectra and parameters of the species found in each sample are presented in Supporting Information Figures S2—SS. bSpecies are
identified by the oxidation state of the diiron cluster. They may also have intermediate products bound in some cases. An ~10% conversion to
diferric is expected in the Mdssbauer samples vs the optical time course experiments due to autodecay of P during addition time required to prepare
these high-concentration samples. The presented quantifications do not include P, see Supporting Information for details. “Starting sample of P prior
to degassing contained 72% P, 24% CmlI®, and 4% unassigned ferric species. dStarting sample of P prior to degassing contained 60% P, 36% CmlI*,

and 4% unassigned ferric species.
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Figure S. Absorbance spectra and product analysis in the anaerobic
reaction of 300 uM NH(OH)-CAM with 300 uM P (orange trace),
which yields sample D (black spectrum). Addition of O, forms sample
E (red trace). Inset: HPLC analysis of CAM and NO-CAM products
from sample D (black trace) and sample E (red trace). Buffer: S0 mM
bicine, pH 9, 4 °C.

spectroscopy. In the Mdssbauer experiment, P was formed in
72% vyield and then degassed, leaving ~60% P and ~36%
diferric CmllI (plus 4% monoferric material). After anaerobic
addition of 1 equiv of NH(OH)-CAM versus total active-site
concentration and a 5 min incubation, the resulting sample D
was ~68% CmlI™® and ~17% diferric clusters (Table 2). The
observation of CmlI™ and CAM (Figure 5) suggests that this
reaction proceeds at least in part by the route proposed by
Bollinger, Krebs and co-workers for reaction of NH(OH)-Ar
with the peroxo intermediate of AurF. The latter reaction grields
NO,-Ar and diferrous AurF (see Scheme 2, pathway II)."” The
generation of 68% CmlI™ was accompanied in this experiment
by production of 62% CAM (product yield differences were
observed between the optical and Mossbauer experiments, but
the trends remained the same). These values support the
reduction of CmlI™* by N(OH),-CAM to yield roughly equal
amounts of CAM and CmlI™?, A small amount of NO-CAM is
also observed suggesting that the CmlI™* fraction also reacts
with NH(OH)-CAM to yield Cmll*® and NO-CAM.
Consequently, only part of the observed CmlI™ derives from
pathway II, thereby slightly decreasing the relative yield of
CAM.

Addition of excess O, to sample D formed sample E, which
Mossbauer spectra show to contain ~85% CmlI®*. This value is
similar to the approximately 80% CmlI** and 20% P observed
by UV—vis spectroscopy. The difference in the percentages
derived from UV—vis and M0ssbauer data can be attributed to
some P decay during the extended Mossbauer sample
preparation process. Formation of sample E is accompanied
by formation of an additional 10% CAM product, which
probably arises from the reformation of P and its reaction with
residual NH(OH)-CAM. It is unclear why the remaining
unreacted CmlI*? is converted to CmlI®* rather than P, but we
demonstrate above that the process of forming P is less than
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stoichiometric, resulting in a significant amount of adventitious
CmlI** formation.

Reaction of Cmli™d, 0,, and NH,-CAM Confirms
NH(OH)-CAM and NO-CAM as Intermediates. It is
shown above that P reacts individually with NH,-CAM,
NH(OH)-CAM, and NO-CAM to produce chloramphenicol;
however, it is also important to demonstrate the reaction of
NH,-CAM beginning with CmlI™® also proceeds through the
NH(OH)-CAM and NO-CAM intermediates. Accordingly, the
reaction between NH,-CAM, Cml™?, and O, was monitored in
a stepwise fashion using UV—vis spectroscopy (Scheme 6 and

Scheme 6
Cmll™+ 0, — P
P + NH,-CAM — Sample F
Sample F + O, — Sample G
0.8
0.6
Q
(5]
c
©
2
] -1 T T T T T T
2 04 100 = 1.0 12,0
< Retention time (min)
&P
029 cmiid + NO-CAM
300 400 500 600

Wavelength (nm)

Figure 6. Spectroscopic snapshots of the Cmll catalytic cycle and
HPLC analysis of associated products. The reaction began with 600
UM Cmll™ (gray trace), to which O, was added to form P (orange
trace). Anaerobic addition of 600 yM NH,-CAM yields sample F
(solid black trace), proposed to be CmlI"*~NO-CAM by comparison
to independently prepared 600 M CmlII**~NO-CAM (dotted black
trace). The addition of O, to sample F yields sample G (solid blue
trace), which nearly overlays with an independently prepared 600 uM
decayed P sample (dotted blue trace). Inset: HPLC analysis of
products in sample F (black trace) and sample G (blue trace). Sample
F yields NO-CAM as the primary product, and sample G shows that
NO-CAM has been consumed and CAM produced. Buffer: 50 mM
bicine, pH 9, 4 °C.

Figure 6). The addition of O, to CmlI"® formed P, which was
made anaerobic and then reacted with 1 equiv of NH,-CAM.
The resulting species, sample F, lacks the strong absorbance
band at 375 nm that is characteristic of CmlI°* and the band at
500 nm characteristic of P. Sample F looks similar to CmlI™
save for an additional shoulder at ~400 nm, which may be
attributable to the presence of a substrate or product. NO-
CAM has significant absorbance at 400 nm, and so a sample of
Cmll™® combined with NO-CAM was prepared for compar-
ison. Sample F exhibits a spectrum similar to that of the
comparison sample, supporting its assignment as CmlI"* bound
to 1 equiv of NO-CAM. Differences between sample F and
authentic diferrous CmlI-NO-CAM can be attributed to an
estimated 10% O, contamination introduced during handling of
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the P sample, leading to oxidation of the diferrous cluster after
the CmlI*!'~NO-CAM complex is formed. When oxygen was
added to sample F, a species which exhibits a spectrum that
overlays with an independently prepared sample of decayed P
(ie, CmlI*™) was observed (sample G).

Aliquots of samples F and G were analyzed by HPLC.
Sample F was found to contain primarily NO-CAM in an acid
quench experiment. Repeating this experiment using a spin
quench method gave the same results, eliminating the
possibility that the sample contained NH(OH)-CAM, which
was then converted to NO-CAM under acidic conditions. A
small amount of CAM was also present corroborating the 10%
O, contamination during handling of P proposed above. An
aliquot of the reaction end point sample G contained no NO-
CAM, presumably because it had been converted to CAM,
which was detected as the sole product. These results suggest
that Cmll is rereduced concomitant with the production of
NO-CAM, and that the addition of O, converts the new
Cmll™ to CmlI™* (presumably with P as an intermediate) while
NO-CAM is converted to CAM. The yield of CAM from a
single-turnover reaction using NH,-CAM as the substrate is
<30%, in contrast to the nearly stoichiometric yields observed
when using NH(OH)-CAM as the substrate in a single-
turnover experiment.

Corroborating evidence for the proposed oxidation states
was provided by analyzing a parallel experiment by Mossbauer
spectroscopy (Table 2, Figure S4). P was formed in ~60% yield
as CmlI"™® reacted with O,. The remaining iron was 36%
unreacted CmlI*™* and 4% of a paramagnetic component that
can be attributed to adventitious mononuclear iron sites in the
enzyme. Formation of sample F by addition of NH,-CAM to P
in the absence of excess O, causes the disappearance of >90%
of P and the emergence of CmlI™. Interestingly, only ~55% of
P decays to CmlI™ in sample F; the rest decays to one or more
unidentified mononuclear ferric species, representing ~30% of
the total iron in the sample. Addition of O, to yield sample G
regenerates ~75% diferric enzyme in the sample, the rest of the
sample is still the mononuclear ferric species (~23%).
Therefore, the Mdssbauer results suggest that P is prone to
degradation by an unknown mechanism when reacting with
NH,-CAM under the experimental conditions we applied,
causing significant uncoupling of the reaction. On the basis of
the amount of CmlI"? generated (35%) in the anaerobic
reaction, it is understandable that the yield of CAM from a
single-turnover reaction using NH,-CAM as the substrate is
substoichiometric as observed in HPLC analysis.

Cmll Is in the Oxidized State after a Single Turnover.
It has been reported that the AurF single turnover ends with
the enzyme in the diferrous state (Scheme 2, pathway II)."°
Under conditions of stoichiometric NH(OH)-Ar substrate and
excess O,, the AurF diferric peroxo species reformed and was
detected by its characteristic Mossbauer spectrum and
absorbance at 500 nm.'’ It is shown here that the reactions
of P with NH,-CAM and NO-CAM end with CAM production
and Cmll in the diferric state. In addition, the reaction of P
with NH(OH)-CAM yields an intermediate diferrous state and
CAM prior to O, addition. When assessed by its optical
spectrum, a fraction of this sample is found as P at its
completion. The N(OH), reduction mechanism proposed by
Bollinger and co-workers suggests that the reaction of P with a
substoichiometric amount of NH,-Ar substrate should result in
the decay and partial reformation of P. The conclusion that
Cmll does not end up in the reduced state after a single
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turnover of the native substrate is confirmed by the time course
of a reaction of P with a substoichiometric concentration of
NH,-CAM shown in Figure 7, red trace. Rapidly mixing P with

0.134
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Figure 7. Single-turnover reaction of P with 0.5 equiv NH,-CAM (red
trace) and 1 equiv NH(OH)-CAM (blue trace). Single-wavelength
(500 nm) stopped flow traces for the reaction of 260 uM P and 130
UM NH,-CAM or 260 uM NH(OH)-CAM (postmix concentrations)
in the presence of excess O,. No P reformation is observed in the
reaction with the native substrate NH,-CAM, suggesting that the in
vitro reaction ends in the diferric state. The reactions using the same
concentrations of NH,-CAM and NH(OH)-CAM give the same
results, but the reformation of P in the case of the latter substrate is
masked due to the rates of the decay and reformation reactions. Buffer:
50 mM bicine, pH 9, 4 °C.

0.25 or 0.5 equiv of NH,-CAM in an oxygenated buffer at 4 °C
led to only a rapid decay of P to CmlI®" In contrast, the
reaction with 1.0 equiv of NH(OH)-CAM showed decay and
then partial reformation of P within 2 s (Figure 7, blue trace).
The observation of reformed P suggests that the reaction of P
with NH(OH)-CAM leads to substantial formation of the
diferrous cluster, as reported for AurF-peroxo and NH(OH)-
benzoate."* Rates of P decay and reformation are sufficiently
similar such that only a small percentage of decay is observed
before the reformation process begins. Thus, using equivalents
of NH(OH)-CAM below or above the stoichiometric amount
masks the reformation process.

Exchange of NO-CAM from the Cmll Active Site. In
order to test whether NO-CAM can leave and reenter the
active site during the reaction cycle, '*O,-P was degassed to
remove excess O,, and equilibrated in an anaerobic chamber
before 1 equiv of NH,-CAM was added. After a 20 s incubation,
1 equiv of N'*0-CAM was added. The sample was then quickly
put under an '®0, headspace and allowed to react for 10 min.
Samples were acid quenched and analyzed by LC/MS. Control
samples were made by adding buffer instead of NO-CAM. If
the NO-CAM made during the reaction cannot leave the active
site, then only CAM containing '*O in the nitro group should
be made. If, however, NO-CAM can leave and subsequently
rebind in the active site after '°0O-P has formed, then there
should be some CAM formed with both '80 and %O in the
nitro group. As shown in Figure 8 and Table S2, approximately
20% more °0,"*0 CAM is formed compared to the control,
suggesting that at least 20% of the NO-CAM dissociates during
the course of the experiment. Unfortunately, the short lifetime
of the NH(OH)-CAM intermediate prevented a similar
evaluation of dissociation from the active site.
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Figure 8. Reaction of 200 uM of NH,-CAM with 200 uM '*0,-P
followed 20 s later by addition of buffer or NO-CAM under an %0,
atmosphere. Presence of mixed-labeled CAM in the reaction in which
NO-CAM was added shows that NO-CAM can exchange from the
active site given a 20 s incubation period. Buffer: 50 mM bicine, pH 9,
4 °C.

B DISCUSSION

It is shown here that the Cmll reaction cycle intermediate P
reacts with the native substrate NH,-CAM as well as the
reaction pathway intermediates NH(OH)-CAM and NO-CAM
to yield CAM. Moreover, NH(OH)-CAM is found to reduce
CmlI*™ to yield CmlI™?, which can subsequently form P in the
presence of O,. These observations provide the basis for the
new single-turnover mechanistic cycle shown in Scheme 7 in

Scheme 7. Proposed Single-Turnover Reaction Pathway of
CmlI*

ser o 10 R
e
%’ —\A o
3+ 3+ Feﬁ >Fe3+ R
So :
P
Cmlrex
R NH>
h@! ?—cw 2,
(NOO) NHOH
Fe¥ O/Fe:"* FeX o/Fes"
Cm|1°X\ X Cml1ex
‘@L R
NO
ONO H,0
Fe 3+ ] Fes+ F 2+ F 2+
N N
P Cmired

0,

“Reduction steps are shown in red.

which rereduction of CmlI™ by NH(OH)-CAM, formed during
the reaction of P with NH,-CAM, allows formation of CAM
with the input of only two non-substrate-derived electrons
(supplied in vivo by an as yet unidentified reductase). This cycle
is conceptually similar to a recent model proposed for AurF."
However, it differs in both the pathway intermediate that serves
as the reductant and the state of the enzyme diiron cluster at
the conclusion of a single-turnover cycle. The mechanistic
significance of these observations will be discussed here.
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Comparison to a Model Requiring Three Successive
Reactions with P. As shown in Scheme 2, pathway I, the
original model for the six-electron oxidation of NH,-Ar
substrates, envisioned three similar successive oxidation
reactions, each utilizing a P-like intermediate (or a high-valent
species derived from it). This model was supported by the
observation that a titration of P with NH,-CAM, or the
equivalent titration for the AurF system, had approximately a
3:1 stoichiometry.”'”'”** The current results show that the
reaction of NH(OH)-CAM with either CmlI*™* or P approaches
1:1 stoichiometry and yields CAM as the major product. These
results suggest that the original mechanistic proposal is not
correct and that at least one step of the reaction involves
oxidation of a pathway intermediate coupled to reduction of
CmlI*~

On the basis of the stepwise study of the reaction shown in
Figure 6, the reaction of NH,-CAM with P (i.e., Cml[™ + O,)
to produce CAM also proceeds by utilizing a pathway
intermediate to rereduce the diiron cluster. The reductive
pathway intermediate is again NH(OH)-CAM. However, the
overall yield of CAM from this reaction is typically 33% or less,
due presumably to uncoupling. We believe that this fortuitous
fractional loss of yield led to the observed roughly 3:1 P to
NH,-CAM ratio that supported the original mechanistic
proposal.

Comparison of the Mechanistic Models Employing a
Pathway Intermediate as an Electron Source. The
observation by Bollinger, Krebs, and co-workers that the
reaction of NH(OH)-Ar with the AurF-peroxo intermediate led
to NO,-Ar product plus diferrous AurF under anaerobic
conditions initiated a new way to think about the amine
oxygenase chemistry.” It was proposed that N(OH),-Ar is
formed as an intermediate and then acts as the reducing agent
for diferric AurF as it itself is oxidized to NO,-Ar. However,
despite the structural similarity and common reaction type of
AurF and Cmll, we do not believe that Cmll follows this
mechanistic pathway during its native cycle. Scheme 8,
pathways II and III, respectively, compare an AurF-type
mechanism to that proposed here for CmlI for CAM formation.
We believe that pathway III better describes the native reaction
for CmllI for five reasons: (1) NH(OH)-CAM is shown to act
as an efficient reducing agent for CmlI™, and it is the consensus

Scheme 8. Comparison of Oxygen Incorporation during
CAM Formation via Different Pathways
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first intermediate in both pathways II and III. (2) In general,
hydroxylamines are efficient reducing agents for iron. The
reduction of ferric to ferrous ion is well-documented in the
organic synthetic literature, and it is an essential step of
colorimetric assays to determine iron concentration.'***** In
contrast, N(OH),-CAM is more likely to hydrolyze quickly to
the NO-CAM intermediate rather than act as a reducing agent.
(3) The single-turnover reaction of stoichiometric NH,-CAM
and P proceeds through NO-CAM, and NO-CAM is
independently shown to react with P to form CAM. (4)
After a single turnover of substoichiometric NH,-CAM and P
under aerobic conditions, CmlI°* rather than CmlI"*¢ or P is
observed. This requires that the pathway reducing agent not act
in the final step of the pathway because doing so would
generate a reduced diiron cluster after the final step. (S) As
shown in Scheme 8, a single-turnover reaction of 80-P in an
160, atmosphere and H,'*0O would be expected to give mixed-
labeled product by pathway III but not by pathway II. Mixed-
labeled CAM product was, in fact, observed for the Cmll
reaction (Table 1).

Although this data set strongly supports the reaction pictured
in Schemes 7 and 8, pathway III as the best fit for the Cmll
cycle, it also reveals the complexity of the reaction. For
example, in the reaction of NH,-CAM with *O-P in an '°O,
atmosphere and H,'°O, doubly '®O-labled product was
observed in addition to the mixed-labeled CAM product
predicted by Scheme 8, pathway III. Two ways in which this
might come about are (1) partial dissociation of NO-CAM and
subsequent reaction with unreacted '|O-P or (2) partial
dissociation of NH(OH)-CAM and subsequent reaction with
80-P through pathway II. We view the latter possibility as
unlikely because Cmll®™ and NH(OH)-CAM are formed
simultaneously in the active site where the observed redox
reaction to form Cml™! and NO-CAM would be expected to
occur efficiently. Approximately 5S0% of the NH(OH)-CAM
would have to dissociate and react through pathway II in order
to account for the amount of mixed-label CAM observed.
However, very little CAM and no NH(OH)-CAM are observed
in the stepwise reaction of NH,-CAM with P illustrated in
Figure 6 prior to addition of O,. In contrast, generation of
mixed-label CAM via the partial dissociation of NO-CAM is
possible based on the exchange experiment illustrated in Figure
8. It is possible that these alternative pathways as well as the
lower than stoichiometric yields in some cases described above
result from performing the reaction under single-turnover
conditions without the native reductant. Indeed, protein
interactions are very important throughout the diiron oxygen-
ase family but cannot be explored in the current case because
the native reductase has not been identified for any amine
oxygenase.26_28

Although pathway III better describes the native Cmll
pathway, the off-cycle or artificial reaction of P with NH(OH)-
CAM was carried out to make a direct comparison to the
analogous reaction in the AurF cycle. In accord with the results
reported for the anaerobic reaction of the AurF-peroxo
intermediate reaction with NH(OH)-Ar,"* we find that CmlI**?
and CAM are produced when P is reacted with NH(OH)-
CAM. This reaction would not be on-pathway for Scheme 8,
pathway III, as only Cmll”™ and NH(OH)-CAM are found
together in the active site, thereby allowing the redox reaction
to occur. Consequently, the off-pathway reaction for Cmll
might occur as proposed for AurF (Scheme 8, pathway II).
However, the subsequent addition of O, was found to yield
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additional CAM and CmlI finishes in the mostly oxidized rather
than reduced or P states expected based on the reported AurF
reaction.'” Additional kinetic and spectroscopic studies will be
required to fully characterize the off-pathway reaction of P with
NH(OH)-CAM.

Mechanistic Significance. The reactivity of the various
activated forms of O, created by diiron clusters is of great
current interest.””>° In the past, there has been significant focus
on the high-valent species that can transfer oxygen into very
stable C—H bonds, such as in the reaction of sSsMMOH
compound Q with methane.>' > The potential reactivity of
peroxo or superoxo intermediates has, by contrast, come to
light only recently.’****° The activity, novel structure, and long
lifetime of the CmlI-peroxo intermediate P offer an opportunity
to explore new aspects of the formation and reaction of peroxo
species in diiron-cluster-containing enzymes. Indeed, we find
that P, proposed to have a u—n'? peroxo core,'"* is quite
reactive with both aromatic amine and aromatic nitroso
substrates. The 'O, incorporation studies reported here
show that both of the nitro oxygens in the final product derive
from O,, but it is clear that they are added in a stepwise fashion
from different O, molecules (via two successively formed P
intermediates), because a mixed-isotope product is obtained
when '#0-P is reacted with NH,-CAM in an '°O atmosphere.
Thus, Cmll is a monooxygenase where the reactive oxygen
species is formed prior to O—O bond cleavage, quite distinct
from the high-valent strategy used by sMMOH-type diiron
monooxygenases.” The use of a diferric peroxo species may
allow the enzyme to catalyze a wide range of N-oxygenation
reactions. Over the course of the amine to nitro conversion, the
substrate becomes increasingly electron deficient. Thus, P must
be ambiphilic, able to shift from acting as an electrophilic
species for the oxygenation of NH,-CAM to a more
nucleophilic oxidant for oxygenation of NO-CAM. It is
significant that, despite the monooxygenase reactivity of
Cml], it cannot oxygenate C—H bonds of aromatic or aliphatic
hydrocarbons.* While this may be attributed to several causes
including the relative bond stability of these substrates, it may
also reflect the unique structure of the Cmll P intermediate and
its environment. For example, this environment may restrict
access to the protons thought to play a role in the generation of
the high-valent oxo or bis-y-oxo intermediates of hydrocarbon
monooxygenases.' >

B CONCLUSION

Aromatic amine oxygenation deviates from the paradigm of
diiron oxygenation chemistry in several ways. While cluster
reduction and formation of a peroxo intermediate is shared
among oxygen-activating diiron oxygenases, the structure of the
peroxo intermediate P of the CmlI aromatic amine oxygenase is
unique.'* This specialized peroxo intermediate is highly reactive
with NH,-CAM and the other amine oxidation pathway
intermediates, while the peroxo intermediates of other
oxygenases serve primarily as unreactive stepping stones to
reactive high-valent intermediates. Another remarkable aspect
of the diiron cluster of the aromatic amine oxygenases Cmll
and AurF is their ability to use intermediate products as mid-
pathway diiron cluster reductants in place of the reductase used
by all other diiron oxygenases. This means that a six-electron
oxidation of the NH,-Ar substrate could occur without
dissociation of the intermediate products, thereby avoiding
release of hydroxylamino and nitroso intermediates that might
be damaging to the cell. While the results presented here show
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that dissociation is possible at the NO-CAM stage, the time
scale for release versus the rate of normal catalysis appears to be
slow. The versatility of the P intermediate allows it to react with
intermediate products that it would not normally encounter in
the native pathway to CAM formation. In particular, the P
reaction with NH(OH)-CAM would not normally occur
because they are not present at the same time in the cycle.
Nevertheless, this reaction can occur with high efficiency when
these reactants are separately prepared and mixed, and it leads
to the same CAM product, albeit through an alternative
reaction pathway.
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