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ABSTRACT: X-ray absorption and resonance Raman spec-
troscopies show that CmlA, the 3-hydroxylase of the chlor-
amphenicol biosynthetic pathway, contains a (¢-oxo)-(u-1,
3-carboxylato)diiron (1) cluster with 6-coordinate iron cen-
ters and 3 — 4 His ligands. This active site is found within a
unique [3-lactamase fold and is distinct from those of soluble
methane monooxygenase and related enzymes that utilize a
highly conserved diiron cluster with a 2-His-4-carboxylate
ligand set within a 4-helix bundle motif. These structural
differences may have an impact on the nature of the activated
oxygen species of the reaction cycle.

Q_ mino acid -hydroxylation occurs during the biosynthesis of

any natural products in nonribosomal peptide synthetase
(NRPS)-based pathways." The products include many pharma-
ceutically important antibiotic and chemotherapeutic drugs.”*
The newly introduced hydroxyl groups serve as sites for further
modifications including glycosylation, oxidation, and macrocycle
formation." These tailoring reactions are usually required for
pharmacological activity.

While f-hydroxylation in NRPS biosynthetic pathways is
typically catalyzed by cytochrome P450s> and a-ketoglutarate-
dependent nonheme iron-containing enzymes,”” we have re-
cently characterized a large new family of tailoring enzymes that
contain a nonheme oxo-bridged diiron active site.® The first
member of this family to be isolated was CmlA from the
chloramphenicol biosynthetic pathway. CmlA catalyzes 3-hydro-
xylation of p-amino phenylalanine linked by a thioester bond to
the thiolation domain of the NRPS CmlIP (Scheme 1).® Other
enzymes from this family catalyze f3-hydroxylation in the bio-
synthesis of a wide range of antibiotic and cytostatic agents,
including bleomycin and the planin family of antibiotics. Unlike
bacterial multicomponent monooxygenases (BMMs), which
utilize a canonical four-helix bundle () protein fold to provide
the carboxylate and imidazole ligands to the diiron center,’
members of the CmlA family of monooxygenases employ a
metallo [S-lactamase (0350 fold to bind the cluster. While a
few other diiron enzymes have been shown to utilize a lactamase
fold,"" CmlA is the first example shown to catalyze substrate
hydroxylation.® As such, a detailed description of the CmlA
active site is warranted in order to understand how this unique
enzyme class catalyzes hydroxylation at the dinuclear center.
To date, no X-ray crystal structure of an enzyme from this
family has been reported. In this communication, we utilize
resonance Raman and X-ray absorption spectroscopies to
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Scheme 1. Biosynthetic Pathway of Chloramphenicol
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Figure 1. Resonance Raman spectra of CmlA in 1‘SOHz, >85% 180H2,
and >85% D,O buffer solutions. All spectra were subjected to poly-
nomial baseline correction and 2 points binomial smoothing. The sharp
phenylalanine signal at 1005 cm ™" was used to align the data. Asterisks
indicate the laser plasma lines.

structurally characterize the CmlA active site, including the
bridging structure of the diiron center and elucidation of the
ligand environment.

Oxidized CmlA has a chromophore at ~340 nm, which typically
originates from an oxo-to-iron(IIl) charge transfer band associated
with the bridging oxygen of the diiron cluster.® Resonance Raman
(rR) spectroscopy provides a direct probe for the nature of this
chromophore, including the precise bridging structure of the CmlA
diiron center. Figure 1 shows the rR spectrum of, as isolated, diferric
CmlA in H,*°0, H,*®0, and D,O. The spectrum of the sample in
H,"°O has a peak at 481 cm™ " (top trace), which downshifts to
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464 cm ™" in H,'®0 buffer (middle trace) but is unaffected in D,O
buffer (bottom trace). The oxygen- isotopic sensitivity of this band
clearly indicates that the 481 cm ™ peak arises from an oxygen- -linked
vibration. Indeed, the 481 cm™ ' peak and its 17 cm ™' isotopic
downshift values are consistent with a (-oxo) diiron cluster, as found
in other diiron enzymes and model systems,'' but not with a
-hydroxo or bis(u-oxo) cluster. Previous results have demonstrated
a strong correlation between the observed v{(Fe—O—Fe) and
£ Fe—O—Fe values;"" from this correlation, an Fe—u-O—Fe angle
of ~130° can be deduced for CmlA.

The structure of the diferric CmlA active site was further probed
by X-ray absorption spectroscopy (XAS). The XAS spectrum of
CmlA exhibits a pre-edge feature with an area of 13.4(4) units. This
value is much smaller than those found for (u-oxo)diiron(1II)
clusters with S- or 4-coordinate iron centers but falls in the range
found for those with 6-coordinate iron centers."””'* Unfiltered
EXAFS and Fourier transformed (FT) spectra of CmlA are shown
as black lines in Figure 2, with corresponding best fits shown
in blue lines. The best fit parameters, which are listed in Table 1,
were obtained from the iterative fitting procedure shown in
Tables S2—S4 (SI). The data analysis shows that CmlA contains
a (u-oxo)diiron (III) cluster with Fe—u-O and Fe- - - Fe distances
of ~1.80 and 3.32 A, respectively, the latter clearly associated with
the peak at ¥ = 3 A (Figure 2). The Fe—u-O and Fe- - -Fe
distances together require an  Fe—O—Fe angle of ~134°, which
agrees with the Raman results in Figure 1. Based on comparisons
with data for synthetic diiron(IIl) complexes,"" the spectroscopic
data for CmlA indicate the presence of a (¢-oxo)(u-1,3-carboxy-
lato)diiron core, as also found in the  subunit of Class Ia
ribonucleotide reductases (R2)."

EXAFS analysis provides further insight into the nature of the
iron ligands of CmlA. The average Fe—O/N bond distance
(excluding the oxo bridge) for CmlA is 2.10 A, which reflects
the relative number of histidines and oxyanion ligands. This
distance is shorter than those for various forms of metHr
(2.13—2.17 A),"*"7 which has a total of five histidines and two
carboxylate ligands for the diiron cluster,'® but longer than those
for other diiron enzymes with four carboxylates and one or two
His ligands (1.99—2.06)."*'%'® The average Fe—O/N distance
found for CmlA suggests that its diiron active site should have
more than 2 but less than 5 His ligands.

Support for this notion comes from an analysis of the outer shell
features found in the 3.2—4.0 A region of the FT data of CmlA (see
green box in Figure 2). These features can be attributed to the more
distant atoms of imidazole-like ligands, the mtens1t1es of which are
enhanced by multiple scattering pathways, and correspond to the
double-humped feature at 4 A™" in the unfiltered k-space data
(Figure 2 inset). Similarly well-defined double-humped features
near 4.0 A™" can be found in unfiltered EXAFS data of metHr and
model comFIexes that have 4—6 imidazole-like ligands per
cluster.'*'”?! In contrast, such features are less well-defined in the
spectra of other diiron enzymes with only 1—2 His ligands per
cluster."*'*'*'® Diiron comglexes without imidazole-like ligands do
not exhibit this feature.”>* Thus, the clearly defined double-
humped feature in the EXAFS spectrum of CmlA suggests that
there are more than 2 His ligands bound to its diiron active site.

To obtain a more quantitative analysis of the data, we have
applied a multiple scattering approach to simulate the double-
humped feature, as detailed in the SI (Table S4 and Figure S6).
The best fit is shown in Figure 2 and Table 1. The optimized
numbers of scattering paths associated with the imidazole moiety
require the presence of ~2 His ligands per iron, or ~4(%1) His

Kx(k)

FT magnitude

3
r'(A)

Figure 2. Fourier transform of unfiltered EXAFS data (inset) of CmlA
(black lines) and its best fit (blue lines). Fit parameters are provided in
Table 1. Green boxes highlight the features that arise from outer-shell
atoms of imidazole ligands.

Table 1. Best-Fit Parameters to Unfiltered EXAFS Data of
CmlA”

Scattering path N RA) ox10°(A? Moiety”
Fe-O 1 1.80 4.41 H-0X0
Fe-N/O 5 2.10 4.97 Im/p-Car/OH,
Fe--C/N 2 3.09 1.19 Im/p-Car
Fe--Fe 1 3.32 5.36 Fe

“k range =2 — 13 A~ resolution ~0.144 A. N = coordination number.
R = distance. 0~ = respective Debye—Waller factor. * Paths associated
with multiple scattering (see SI for details). * Moiety used in the FEFF
model (SI), with Im = imidazole, Car = carboxylate, and OH,, = terminal
water derived ligand.

ligands per cluster, given the ~25% uncertainty in the number of
scatterers for a given shell determined from EXAFS analysis.”*
However, the presence of 5 His ligands is highly unlikely on the
basis of the average Fe—O/N distance 0of2.10 A found for CmlA,
as discussed above.

The best fit of the EXAFS data also requires the inclusion of
one low-Z scatterer per iron at 2.53 A (Table S2, SI). The small
07 value associated with the scatterer excludes the possibility that
it arises from the ligating atom of a weakly bound ligand and leads
us to assign it to the carboxylate C atom (C,,,) of a symmetrically
bidentate carboxylate ligand. Scatterers at similar distance have
also been found in the EXAFS spectra of the terephthalate
complex of protocatechuate 3,4-dioxygenase® and the ternary
complex of tyrosine hydroxylase with substrate and cofactor®®
and are associated with the carbon atom of a bidentate carbox-
ylate. The tyrosine hydroxylase result is corroborated by the
crystal structure of the correspondlng complex of the homo-
logous phenylalanine hydroxylase.”” For CmlA, the C, atom
of the bidentate carboxylate can also be included in the best
fit because of the colinearity of the Fe center and the carboxy-
late C., and C, atoms; including the multiple scattering
paths involving these atoms noticeably enhances the fit (Table
S4, SI). Taken together, the rR and XAS analyses described
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Figure 3. Comparison of the diiron(III) clusters of CmlA and related
diiron proteins.

above show that CmlA contains a (u-oxo)(u-1,3-carboxy-
lato)diiron(III) cluster with 6-coordinate iron centers, 2 symm-
etrically bidentate carboxylate ligands, and 3—4 His ligands
(Figure 3A).

This structure is similar to that proposed in our previous
study® which was based on alignment of the sequences of CmlA
and its homologues with the consensus sequence for metallo-
p- lactamases Sequence alignment predicted only 3 His ligands
for CmlA,® but the presence of an additional His ligand is also
possible. Both the CmlA and metallo-3-lactamase sequences
share the signature HxHxDH motif that provides one carboxylate
and 3 His ligands for the metal cluster. Downstream of this
sequence in CmlA, one Asp and two Glu residues are conserved
and found at approximately the same positions as the other
amino acid ligands of the dizinc cluster of the metallo-f3-lact-
amases (2 His and 1 Cys/Ser). There is only one conserved His
residue downstream of the signature sequence for CmlA
(His378), and this could be the fourth His predicted in the
current study. However, this His is adjacent to one of the
postulated Glu ligands, and based on metallo-f-lactamases
structures, replacement of this Glu by His would place three
His ligands on one iron and one on the other. This would be
expected to yield two quite different iron environments, which is
not apparent in the Méssbauer spectrum of CmlA.® It is possible
that CmlA adopts a slightly different fold than a metallo--lacta-
mase, changing the iron to which the additional His coordinates.

Several new insights derive from the proposed structure of the
diiron cluster of CmlA. First, it is clear from the current studies
that the diiron cluster of CmlA differs from those of the flav-
odiiron protein (FDP) family"® in which it was first shown that a
diiron cluster can be supported in the metallo-f3-lactamase a5 a
fold. FDPs are widespread among bacteria and archaea and
function as reductases for O, and NO rather than oxygenases.
All crystal structures of FDPs reported thus far show that their
diiron clusters are bridged by a water-derlved ligand with an
Fe—O distance of ~2.0 A (Figure 3B).'" This distance and the
other spectroscopic features of the cluster indicate that this bridge is
not a u-oxo ligand as found here for CmlA, but rather a protonated
form such as a hydroxo or an aqua ligand. Furthermore, the bridging
atom appears to be hydrogen bonded to one of the terminal
monodentate carboxylates. These structural differences between
CmlA and FDPs may account for the contrasting reactivities, but

additional structural and kinetic studies of both the FDPs and CmlA
will be required to identify the molecular origin of these differences.

Second, despite having monooxygenase reactivity, the diiron core
structure of CmlA differs from those of the clusters of all canonical
oxygen-activating non-heme diiron enzymes characterized thus far.”
BMMs, desaturases, and R2 have a conserved 2-His-4-carboyxlate
ligand set with 1 His per iron center (Figure 3C). This ligand set
promotes a generally accepted oxygen activation mechanism invol-
ving a (u-1,2-peroxo)diiron(III) intermediate that converts to high-
spin higher-valent diiron species responsible for substrate oxidation.”

Distinct oxygen activation mechanisms are postulated for
some enzymes that have more than two His ligands bound to
the diiron active site, 1nclud1n% myoinositol oxygenase (MIOX)
with a total of 4 His ligands™® and AurF with a total of 3 His
ligands™ (Figure 3D). MIOX is unique in that it activates O,
with a mixed-valent diiron(II/III) cluster to form a C—H bond-
cleaving (superoxo)duron(III) intermediate that initiates the 4e-
oxidation of substrate.*® AurF effects the conversion of aromatic
amines to nitro groups via a duron(HI)peroxo intermediate that
differs from the canonical (u-1,2-peroxo)diiron(IIl) intermedi-
ate discussed above.>!

Like MIOX and AurF, CmlA has an additional His ligand on at
least one and possibly both irons of its diiron cluster, but its
molecular mechanism is unlikely to be similar to that of MIOX or
AurF. In contrast to MIOX, we have shown that it is the diiron(II)
state of CmlA that reacts with O, to initiate catalysis.” With respect
to AurF, a similar peroxo intermediate may also be formed by CmlA,
but this species is unlikely to be sufficiently reactive to attack the
C—H bond on the substrate (BDE = 85 kcal/mol, Scheme 1).
Accordingly, the peroxo intermediate of AurF has not been
observed to attack C—H bonds of any substrate.

This analysis suggests that CmlA may generate some type of
high-valent diiron oxygen species in which the O—O bond of
O, has been broken as found for the canonical diiron mono-
oxygenases such as methane monooxygenase (MMO). However,
the additional His ligand(s) may alter the nature of this reactive
species. There are many options for the species that could be
formed as alternatives to the Fe'",0, diamond core of MMO
intermediate Q.>*** For example, our recent work has identified
synthetic diiron(IV) complexes with nitrogen-rich ligand envir-
onments that are quite reactive toward C—H bonds.”* Although
experimental evidence is needed to support the hypothesis for an
alternative reactive species in CmlA, it is clear that variations to
the canonical MMO reactive intermediate are emerging and may
be relevant to catalysis by CmlA.
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