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ABSTRACT: A family of dinuclear iron cluster-containing oxygenases
that catalyze β-hydroxylation tailoring reactions in natural product
biosynthesis by nonribosomal peptide synthetase (NRPS) systems was
recently described [Makris, T. M., Chakrabarti, M., Münck, E., and
Lipscomb, J. D. (2010) Proc. Natl. Acad. Sci. U.S.A. 107, 15391−15396].
Here, the 2.17 Å X-ray crystal structure of the archetypal enzyme from
the family, CmlA, is reported. CmlA catalyzes β-hydroxylation of L-p-
aminophenylalanine during chloramphenicol biosynthesis. The fold of
the N-terminal domain of CmlA is unlike any previously reported, but
the C-terminal domain has the αββα fold of the metallo-β-lactamase
(MBL) superfamily. The diiron cluster bound in the C-terminal domain is coordinated by an acetate, three His residues, two Asp
residues, one Glu residue, and a bridging oxo moiety. One of the Asp ligands forms an unusual monodentate bridge. No other
oxygen-activating diiron enzyme utilizes this ligation or the MBL protein fold. The N-terminal domain facilitates dimerization,
but using computational docking and a sequence-based structural comparison to homologues, we hypothesize that it likely serves
additional roles in NRPS recognition and the regulation of O2 activation.

Biosynthesis of many complex secondary metabolites by
bacteria and fungi is effected by nonribosomal peptide

synthetases (NRPSs). These large, modular enzymes act as
“assembly lines” in which each module plays a role in extending
or modifying the growing natural product.1 Generally, a parent
amino acid or adduct is covalently tethered to the 4′-
phosphopantetheine (PPant) moiety of a modified serine
residue on a peptidyl-carrier protein (PCP) domain of the first
module of the NRPS by the action of a preceding adenylation
(A) domain. The resulting S-acyl amino acid intermediates are
either chemically modified by following NRPS domains or
transferred to the S-acyl-linked amino acid adduct on the PCP
domain of the next module by the action of a condensation (C)
(or similar) domain, forming a new peptide bond. When the
synthesis is complete, the natural product is released by the
action of a thioesterase (TE) or a reductase (R) domain.
In some cases, the chemical modifications of the developing

natural product are catalyzed by “tailoring” enzymes that are
not modules of the NRPS but are rather encoded elsewhere,
often in the same genetic operon.1 A common modification for
tethered amino acids is β-hydroxylation, which is crucial for the
function of many natural products, including the vancomycin
and coumarin antibiotic families as well as the antitumor
compounds of the bleomycin family.2,3 The newly introduced
hydroxyl function can serve as a site for glycosylation or act as a
nucleophile during release of the natural product from the
NRPS to form large macrocyclic molecules. A study of the
structural and regulatory mechanisms that control the
specificity and spatiotemporal activity of these accessory
enzymes is necessary to understand the biosynthetic origins

of complex natural products. Learning how to harness these
capabilities may allow the production of new antibiotics and
pharmaceuticals.4,5

Sequencing of the chloramphenicol biosynthetic operon6 led
to the discovery of a tailoring enzyme (CmlA) that catalyzes β-
hydroxylation of the precursor molecule L-p-aminophenylala-
nine (L-PAPA) to form L-p-aminophenylserine.3 This is a key
step in chloramphenicol synthesis as illustrated in Figure 1.7

The amino acid sequence of CmlA suggests that it has two
domains. The N-terminal domain has no known homologues,
but the C-terminal domain contains the signature sequence of
the αββα-type metallo-β-lactamase (MBL) superfamily.3,8 The
vast majority of MBLs catalyze hydrolysis reactions utilizing a
dizinc cluster coordinated by the signature His-X-His-X-Asp-
His scaffold, although MBLs with both mono- and dimetal
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Figure 1. Steps in the biosynthesis of chloramphenicol. The β-
hydroxyl colored red is derived from O2.
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clusters containing other metals are known.9 In contrast,
spectroscopic characterization of CmlA showed that it contains
a diiron cluster.3,10

Prior to the characterization of CmlA, no MBL-like enzymes
catalyzing O2 activation and hydroxylation reactions were
known to exist, although a branch of the MBL family that
utilizes a diiron cluster to reduce O2 or NO in obligate
anaerobes has been described.9,11 Typically, β-hydroxylation
reactions in NRPS pathways are catalyzed by α-ketoglutarate-
dependent oxygenases or cytochrome P450s.2 CmlA represents
a third class, and it is the only known diiron enzyme to catalyze
β-hydroxylation of an amino acid-like substrate. Oxygen
activation and hydroxylation reactions involving diiron clusters
are generally conducted by members of the bacterial multi-
component monooxygenase (BMM) family,12 which includes
enzymes such as the soluble methane monooxygenase
(sMMO).13 In contrast to CmlA, BMMs coordinate the diiron
cluster in a four-helix bundle. The typical cluster coordination
consists of four carboxylate (Asp/Glu) and two histidine
ligands.14 Numerous kinetic, spectroscopic, and structural
studies have shown that both the diiron cluster and the protein
scaffold play important roles in orchestrating and regulating the
oxygenation chemistry.13,15,16

Genome database searching based on the CmlA gene
sequence has now shown that there are many enzymes serving
similar roles in natural product biosynthesis that are
homologous to both the N- and C-terminal regions of
CmlA.3 To date, no enzyme from this group of homologous
enzymes has been structurally characterized, and no role for the
N-terminal domain has been forthcoming.
Here, we present the crystal structure of CmlA at 2.17 Å

resolution. The structure confirms the predicted MBL C-
terminal fold and reveals the structure of the N-terminal
domain. The detailed structure of the dinuclear iron cluster
differs from those of previously characterized oxidoreductases
from the MBL family, as well as those from the O2-activating
BMM family. The overall organization of the enzyme suggests
different roles for the N- and C-terminal regions as well as the
basis for regulation of O2 activation through interaction with
the NRPS from the chloramphenicol biosynthetic pathway,
CmlP.

■ EXPERIMENTAL PROCEDURES
Crystallization of CmlA. CmlA and CmlP were expressed,

purified, and quantified as previously described.3 Crystals of
resting CmlA were acquired by the hanging drop vapor
diffusion method at 277 K by addition of 3 μL of a 15 mg/mL
solution of CmlA in 50 mM HEPES (pH 7.5) to an equal
volume of mother liquor containing 100 mM HEPES (pH 7.5),
10−15% polyethylene glycol (formula weight of 20000), 100
mM potassium acetate, and 10% glycerol. Square-bipyramidal
CmlA crystals typically grew to 0.2−0.6 mm over the course of
several days. Selenomethionine-labeled CmlA was generated by
feedback inhibition during expression.17 Crystals were soaked
in mother liquor supplemented with 25% glycerol prior to
looping and flash-freezing in liquid nitrogen. For the amino acid
cocrystallization, crystallization and freezing conditions were
identical to the non-cocrystallized samples except the mother
liquor and cryoprotectant contained L-phenylalanine, L-tyrosine,
or L-PAPA at final concentrations of 10−20 mM.
Data Collection and Modeling. Data were collected at

the Structural Biology Center at the Advanced Photon Source
(Argonne National Laboratories, Argonne, IL) on beamline 19-

ID at 100 K. Diffraction data were indexed, integrated, and
scaled using the HKL2000 software package18 and phased using
single-wavelength anomalous dispersion of the SeMet-labeled
enzyme with Phenix.19 The initial model was prepared with
Phenix followed by manual rebuilding. The preliminary model
was then used in direct Fourier phasing of a higher-resolution
native data set using Refmac520 from the CCP4 suite.21 The
final model was prepared using iterative cycles of modeling
using Coot22 and refinement with Refmac5. Iron−ligand bond
distances were not restrained during any of the refinement
cycles. Model geometries were evaluated using SFCHECK and
PROCHECK.21 X-ray data processing and refinement statistics
are listed in Table 1. All structure figures were produced using
PyMOL Molecular Graphics System, version 1.5 (Schrödinger,
LLC).

Docking of the CmlP PCP Domain and PPant Amino
Acid Substrate. Homology modeling of the CmlP PCP
domain was performed using Swiss-Model23 and docked to
CmlA using the HADDOCK online server.24 To guide the
docking of the PCP domain, we defined several residues to be
part of the interface based on studies of our CmlA model and
prior sequence information. For CmlA, we input W438, D496,
and H501. These surface residues were chosen on the basis of
their proximity to the active site channel. For the CmlP T
domain homology model, we input only the serine identified as
the putative PPant attachment from sequence comparisons to
other structurally characterized PCP domains, with the
rationale that this residue must be poised above the channel
upon binding of the NRPS to CmlA.
Docking of L-PAPA-PPant to CmlA was performed using the

Sybyl-X 2.0 Surflex-Dock Suite (Sybyl-X 2.0 Tripos Interna-
tional, St. Louis, MO). The final CmlA model was prepared by
deleting all water molecules and nonprotein ligands, except the
Fe atoms, followed by addition of hydrogen to residues. The
structure was then minimized using the Amber7 FF99 package
in the docking suite, but Fe atoms and ligand positions were
unaltered. The substrate was modeled manually in Sybyl-X, and
atomic partial charges for both the protein and substrate were
automatically calculated and assigned, with the exception of Fe
atoms that were manually assigned as +3 and +2 for Fe1 and
Fe2, respectively. The parameters for defining the active site
were as follows: threshold of 0.65, bloat of 0, and an active site
that was automatically identified by the program. The protein
was not allowed to flex during docking.

Cloning and Mutagenesis. The expression construct for
the E430A mutant of CmlA was produced using an Agilent
Quickchange II site-directed mutagenesis kit. The following
primer pair was used to introduce the mutation into a pet28a
expression plasmid for wild-type (WT) CmlA: CGTCTTCA-
TCGGCATGGAGCTCATCGGCGCGG (forward) and CC-
GCGCCGATGAGCTCCATGCCGATGAAGACG (reverse).
The mutated plasmid was transformed into chemically
competent XL1-Blue Escherichia coli and plated onto medium
containing 50 μg/mL kanamycin. Individual colonies were
screened via colony polymerase chain reaction and sequenced
to confirm the presence of the mutation. The E430A enzyme
was expressed and purified as described above. Mass
spectrometry of CmlA was conducted with a QSTAR XL
Quadrupole TOF MS instrument from AB Sciex at the
University of Minnesota Center for Mass Spectrometry and
Proteomics and used to confirm the presence of the desired
mutation in the purified enzyme. The deconvoluted mass
spectrum showed major peaks at 62204 and 62146 Da for the
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WT and E430A mutant, respectively, the difference corre-
sponding to the expected loss of a carboxylate and CH2 group
in the mutant.
Stopped-Flow Kinetics. All stopped-flow experiments

were performed with an Applied Photophysics model
SX.18MV stopped-flow device at 4 °C. Stopped-flow experi-
ments and CmlP amino acid loading were performed as
previously described,3 with the exception that reduced CmlA
was premixed with L-PAPA-loaded CmlPAT in an anaerobic
chamber and rapidly mixed with O2-saturated buffer on the
instrument. Excess CmlA reducing reagents and CmlP loading
reagents were removed prior to the experiment using a PD10
desalting column.

■ RESULTS AND DISCUSSION

Overall Structure of CmlA. The structure of CmlA was
determined by single-wavelength anomalous dispersion of the
selenomethionine-enriched enzyme. The enzyme crystallized in
space group P43212 with a single monomer in the asymmetric
unit. The CmlA model was refined to 2.17 Å resolution with an
Rwork of 0.203 and an Rfree of 0.230 with 99.6% of the residues in
the allowed regions of the Ramachandran plot (Table 1).
Overall, 522 residues and 151 solvent molecules were modeled
into the electron density map. The CmlA monomer (∼62 kDa)
is globular with several protrusions that extend from the N-
terminal domain (Figure 2 and Figure S1 of the Supporting
Information). This domain (residues 1−236, green in Figure
2A) has a mixed αβ topology, while the C-terminal domain
(residues 249−532, gray with secondary structure indicated in
Figure 2A) has the αββα topology of the MBL superfamily.8

The metal cluster and the active site of the enzyme are located
in the C-terminal domain, thereby identifying it as the catalytic
domain. A stretch of disordered residues separates the domains
(residues 237−248, dashed lines in Figure 2). Residues from
both domains form the boundaries of a 30 Å long groove that
runs along the surface and above the active site channel. These
include a kinked α-helical region (termed helix N1) composed
of residues 26−67 in the N-terminal domain (magenta in
Figure 2A) and residues 429−460 (cyan in Figure 2A) and
493−505 from the catalytic domain. A channel located near one
end of the groove extends 10 Å from the surface to the active
site diiron cluster (Figure 2A, right side). The cluster appears to
be easily accessible. This is radically different from that
observed in the BMMs, where either the active site is buried
deep within the enzyme25,26 or solvent access is severely
restricted.14,27

The N-terminal domain is a mixture of α-helices and three
sets of antiparallel β-strands. Structural alignments of this
domain made using the Dali Server28 found no significant
matches, with the highest-scoring hit having a calculated root-
mean-square deviation (rmsd) of 6.6 Å for the Cα atoms. This
domain is elongated, measuring roughly 70 Å at its longest and
34 Å at its widest. It packs against the catalytic domain through
multiple α-helices and antiparallel β-strands that run parallel to
the long axis. A 50 Å long, bent amphipathic helix termed helix
N2 (Figure 2) formed by residues 73−107 spans nearly half the
length of the domain and perpendicularly packs against helix
N1 (residues 27−47). Helix N1 forms an L-shaped arm (“arm
1” in Figure 2A,B) that projects over the catalytic domain
forming one side of the groove that runs between the domains.
The overall structure of the catalytic domain is similar to that

of other MBLs, having a core of two antiparallel β-sheets
arranged in a β-sandwich flanked by several α-helices. On the
side that is packed against the N-terminal domain of CmlA, the
α-helices are notably truncated relative to other members of the
MBL superfamily, where these α-helices are typically solvent-
exposed. On a Dali structural search, the catalytic domain of
CmlA is structurally most similar to the MBL L-ascorbate-6-
phosphate lactonase UlaG29 (15% sequence identity, with an
rmsd of 2.9 Å for the Cα atoms). An elongated arm (“arm 2” in
Figure 2A,B) is formed by residues 429−460 and extends
upward from the αββα core (cyan in Figure 2A). Similar
extensions have been observed in other members of the MBL
superfamily and are relevant to binding8 and recognition30 of
the substrate in these enzymes. However, the arm in CmlA is
longer and has a distinctive orientation. The main portion of

Table 1. Data Collection and Refinement Statisticsa

native Se-Met

Data Collection
space group P43212 P43212
cell dimensions

a, b, c (Å) 153.2, 153.2, 93.4 153.3, 153.3, 92.7
α, β, γ
(deg)

90, 90, 90 90, 90, 90

wavelength (Å) 0.97857 0.97926
resolution (Å)b 38.7−2.17 (2.21−2.17) 20.9−2.60 (2.64−2.60)
no. of unique
reflections

56972 35553

Rmerge (%)
b,c 6.3 (43.5) 10.8 (45.0)

I/σIb 28 (3.1) 27 (4.5)
completeness
(%)b

96.4 (81.6) 99.9 (100)

redundancyb 7.3 (7.1) 7.2 (7.4)
overall figure of
merit

0.405

Cruickshank’s
diffraction
precision index
(DPI)

0.154

Refinement
resolution (Å) 38.7−2.17
no. of reflections 54097
Rwork/Rfree (%)

d 20.3/23.0
average B factor
(Å2)

35.1

root mean square
deviation

bond
lengths
(Å)

0.0151

bond
angles
(deg)

1.78

Ramachandran
analysis (%)

favored
regions

95.6

allowed
regions

4.0

disallowed
regions

0.4

aAll data collected on synchrotron beamline APS SBC-CAT 19ID-D.
bData for the highest-resolution shell given in parentheses. cRsym =
∑hkl∑i|Ihkl,i − ⟨I⟩hkl|/∑hkl∑i|Ihkl,i|, where Ihkl is the intensity of a
reflection and ⟨I⟩hkl is the average of all observations of the reflection.
dRfree is the R factor calculated from 5% of the data excluded from
refinement.
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arm 2 forms one side of the surface groove and active site
pocket and, on the opposite face, interacts with another CmlA
monomer in the crystal.
Analysis of the crystal packing identified a buried interface of

roughly 2700 Å2 between two CmlA monomers in the unit cell,
suggesting the enzyme may function as a dimer in solution. To
investigate this possibility, we performed native polyacrylamide
gel electrophoresis, which confirmed the dimeric quaternary
structure observed in the crystal (Figure S2 of the Supporting
Information). A projecting “dimerization arm” (residues 108−
146) from the N-terminal domain of CmlA mediates the
interaction between the monomers (Figure 3) by packing
against the dimerization arm and arm 2 from the symmetry-
related protomer. This arrangement places one dimerization
arm within 17 Å of the active site of the other protomer.
Structure of the Diiron Cluster. The active site of CmlA

is situated above the β-sheets of the αββα core of the catalytic

domain. Structural alignments of this domain show that the
active sites of other members of the MBL superfamily are found
in similar spatial positions relative to the rest of the fold. The
iron atoms are ligated in part by four ligands derived from a
loop containing the conserved metal binding motif, which
extends upward between the fourth β-strand and second α-helix
of the catalytic domain (Figure 4A and Figure S1 of the
Supporting Information). The only apparent access to the
active site is from the channel above, although some solvent-
occupied caverns can be seen extending from the substrate
binding pocket.
The two iron atoms in the enzyme active site are in distorted

octahedral environments with six ligands each (Figure 4A and
Figure S3 of the Supporting Information). Herein, iron atoms
are termed Fe1 and Fe2 for Fe600 and Fe601 in the model,
respectively. Iron atom occupancies refined to 1.0 for Fe1 and
0.75 for Fe2 (see the Supporting Information). The iron−iron
distance was determined to be 3.39 Å, in close agreement with
EXAFS studies.10 The strong density for a bridging atom is also
apparent in the difference map following refinement of the
cluster (Figure 4B), and on the basis of previous spectroscopic
studies of the diferric state of CmlA,3,10 we have modeled this
density with an oxo atom (O602). The iron−oxo bond
distances refined to 1.77 and 2.15 Å for Fe1 and Fe2,
respectively. EXAFS studies10 suggested the average iron−oxo
distance is ∼1.8 Å, raising the possibility that Fe2 may have
been reduced to the ferrous state during data collection,
forming a mixed-valent (MV) Fe(III)Fe(II) cluster. Consistent
with this, the overall average ligand distances refined to 2.0 Å
for Fe1 and 2.3 Å for Fe2. We investigated the possibility of
reduction during data collection by several standard approaches
(Supporting Information). However, none of these methods
provided definitive evidence of a mixed-valence (MV) cluster.
The cluster in CmlA is coordinated by one fewer

endogenous amino acid carboxylate and one more histidine
ligand compared to what is found for most other diiron
hydroxylases. All nitrogen ligands derive from the conserved
MBL metal-binding scaffold. The N-terminal domain contrib-
utes no cluster ligands. Fe2 is coordinated by D309, H310, a
monatomic bridging D403, an acetate molecule (ACT603)
derived from the crystallization buffer, and the bridging O
atom. Fe1 is coordinated by a chelating E377, bridging D403,
H305, H307, and the bridging O atom. It is likely that in
solution the coordinating acetate is replaced by solvent because

Figure 2. Overall structure of CmlA showing important structural features and electrostatic properties. (A) The N-terminal domain is colored green
and the MBL-like catalytic domain gray, with α-helices colored blue and β-sheets colored orange. Iron atoms are displayed as orange spheres. A
stretch of disordered residues separates the domains, indicated by the dashed line. Arms extending from CmlA and bordering the surface groove are
colored magenta and cyan, and the residue range is shown. The channel to the active site is positioned (see the close-up at the right) at the base of a
groove on the surface of CmlA, which runs between arms 1 and 2. (B) Surface electrostatics map of CmlA. The tips of arms 1 and 2 have notable
basic character. The surface groove of CmlA lies between these arms and is denoted by the yellow dashed line. The map was generated using APBS48

and contoured at 2 kT/e.

Figure 3. CmlA is a dimer, and the interaction between protomers is
mediated by an extension from the N-terminal domain. Shown is a
surface view of the CmlA dimer with the dimerization arm and the
corresponding residue range indicated. One protomer surface is
transparent, with secondary structure shown as a cartoon. In this
protomer, the N-terminal domain is colored orange and the catalytic
domain blue. The other protomer is colored white. Red arrows
indicate the locations of the active site channels. The black oval
indicates the location of the 2-fold crystallographic symmetry axis that
runs through the dimer.
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no acetate is added to the purification buffer. Exposure of CmlA
to 100 mM potassium acetate in a buffered solution results in
no detectable changes in the chromophore.

Monodentate Diiron Cluster Bridging Structure. The
monodentate μ−η2 binding mode of D403 in CmlA was
unexpected, because in most oxygen activating diiron enzymes
and model complexes the carboxylate forms a μ-1,3 bridge. The
monodentate bridging mode has been observed in purple acid
phosphatase, the reduced form of the D84E mutant of E. coli
ribonucleotide reductase R2 subunit, and the reduced sMMO
hydroxylase component.31−35 However, in the latter two cases,
the bridging mode is μ-(η1,η2) where the second oxygen of the
carboxylate coordinates to one of the irons. Also, in both cases,
a traditional μ-1,3 bridging carboxylate is also present. It is
unlikely that D403 in CmlA can assume a μ-1,3 orientation
without significant rearrangements of the backbone because of
several constraints: (i) D403 is sterically restrained and
essentially limited to rotation around the Cβ−Cγ bond, (ii)
D403 needs to rotate toward Fe1 to bring the second oxygen
close enough to coordinate Fe2; this would introduce severe
strain on the sp3 hybridization of the D403 Cα atom and would
result in steric clashes with E377 and an overly short iron−
oxygen bond to Fe1. Finally, (iii) if the backbone rearranges, it
would be required to undergo a nearly 90° rotation to bring the
carboxylate into an allowed conformation close enough to
coordinate both metals. Indeed, rubredoxin:oxygen oxidor-
eductase has a bidentate Asp bridge, and the backbone runs
perpendicular to the iron−iron axis; in CmlA and purple acid
phosphatase, the backbone runs more parallel. Thus, the bridge
in CmlA is essentially “locked” into a single orientation during
the catalytic cycle in the absence of significant structural
rearrangement.

Structure of the Substrate Binding Pocket. The
substrate binding pocket is elongated, roughly 8 Å × 13 Å
(Figure 5). The pocket is bordered on one side by L458 and
I439, on the opposite side by M493 and V492, and on top by
the partially disordered surface-exposed W438, which sits at the
base of the surface groove between domains. Q308 is
positioned 8 Å from the cluster at the opposite end of the
active site pocket, as measured from the Q308 carboxamide to
the O602 in the cluster (“conformation 1”). A second
conformation (“conformation 2”) of Q308 observed in the
electron density map positions the side chain farther from the

Figure 4. Structure of the CmlA active site and nearby residues. (A)
Cluster geometry and bond distances in angstroms, with iron ligands
colored gray, second-sphere conserved residues colored yellow, and
the bridging oxo atom shown as a red sphere. Blue dashes indicate
hydrogen bonds. The exogenous acetate ligand (Act) is colored cyan.
When not directly indicated, distances are given in parentheses. (B)
Positive Fo − Fc difference electron density (green) following removal
of the oxo bridge atom and trimming of D403 back to Ala, followed by
five cycles of refinement. Fo − Fc difference electron density contoured
at 4σ for the oxo group and 7σ for D403. The map was calculated
using a resolution range of 38.7−2.17 Å. (C) One possible rotameric
conformation of the disordered E430 side chain (green) places the
carboxylate within 3 Å of Fe2, overlapping partially with the acetate
(cyan) binding site.

Figure 5. Stereoview diagram of the CmlA active site pocket as viewed from the channel. Residues that form the pocket are colored green and
labeled. The cluster is represented as in Figure 4. Gray surface contours illustrate the shape of the pocket and define a likely binding orientation for
the aromatic substrate. W438 is positioned above the pocket and has been omitted for the sake of clarity.
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cluster, expanding the long dimension of the binding pocket
(Figure S4 of the Supporting Information). Y440 is at the back
of the pocket and appears to engage in a hydrogen bond with
the ε-nitrogen of Fe1 ligand H307 (Figure 4A).
In all models, additional areas of residual positive Fo − Fc

density were observed in the part of the pocket above the
cluster. We attempted to model this density with solvent
molecules, but this resulted in significant residual positive
density after refinement. Cocrystals of CmlA with 10−20 mM
amino acids L-tyrosine, L-phenylalanine, and L-PAPA resulted in
isomorphous crystals, but insufficient density to model any
amino acid substrates in the binding pocket. This density
appeared to be nearly identical to that observed in crystals that
were not cocrystallized with amino acids (Figure S5 of the
Supporting Information) and does not correspond well with
components of the crystal mother liquor; thus, its source
remains unknown. The absence of significant electron density
for any amino acids in these cocrystallized samples demon-
strates that free amino acids have little affinity for binding in the
CmlA active site. This was also observed in a cytochrome P450
tailoring system in which no amino acid binding was detected
even with a 500-fold excess over protein. In contrast, the
NPRS-tethered substrate had a binding affinity in the low
micromolar range.36 The possible binding mode of the NRPS-
bound substrate in CmlA is discussed and modeled in context
below.
The monooxygenase chemistry catalyzed by CmlA requires

delivery of two protons and two electrons to the reactive center
during turnover, leading to release of a water molecule. We
searched for possible endogenous proton donors in CmlA. One
candidate is H258, which is positioned only 3 Å from Fe2 in the
same plane as the cluster (Figure 4A). Ramachandran analysis
shows H258 to be in a strained orientation, likely because the
residue engages in a hydrogen bond with D309. On the
opposite side, another His residue, H378, is positioned 5 Å
from Fe1 but points away from the cluster. Alternatively, the
surface-exposed E430 could act as a proton shuttle from bulk
solvent.
Conserved Structural Features of CmlA and Homo-

logues. The structure of CmlA permits the sequence-based
structural comparison of family members. To identify residues
that may be functionally relevant, we generated an alignment of
CmlA with 13 homologues from diverse species, which have
32−41% sequence identity (Table S1 of the Supporting
Information). In the N-terminal domain, the conserved
residues appear to primarily serve structural roles by engaging
in interactions with nearby residues or facilitating turns on the
protruding arms (Figure 6, G110). A cluster of conserved
residues also appears to stabilize the dimerization arm in the N-
terminal domain (Figure S6 of the Supporting Information).
S44 and H52 engage in a hydrogen bonding interaction that
maintains a kink in helix N1. The similar length and high level
of sequence identity of the homologues (Table S1 of the
Supporting Information), along with the nature of the noted
conservations, indicate that the overall shape of the N-terminal
domain is conserved. However, the intervening regions are
highly variable in their chemical character, including in helix N2
(residues 73−107) and in the tips of arms 1 and 2 (Figure S6 of
the Supporting Information). In the active site of the catalytic
domain, all of the iron ligands, W441, Y443, and potential
proton donors H258, H378, and E430, are conserved in all
homologues. None of the residues that line the binding pocket
(I439, L458, V492, M493, and Q308) are conserved.

Putative electron delivery routes have been identified in other
diiron enzymes,37 and we attempted to find such a route in
CmlA and to identify a possible ferredoxin (Fd) or flavo-iron-
sulfur reductase interaction site. From the sequence alignments,
we noted a partially conserved buried aromatic network starting
at the solvent-exposed Y479 that runs to underneath the cluster
through the interior of the catalytic domain terminating at
Y255, which is hydrogen bonded to the carbonyl group of
H258 (Figure 7A). In more distant homologues, some

positions are substituted with other aromatic residues. CmlA
surface electrostatics reveal a strongly acidic patch (residues
D423, E474, D476, and E477) at the base of the catalytic
domain (Figure 7B) that might form a binding site for an
electron transfer partner. Y479 is next to this patch and engages
in a hydrogen bond with the carboxylate of E477. The acidic
nature of this region would be more compatible with direct
electron transfer from a flavo-iron-sulfur reductase38 than a
Fd,39 which is likely to carry a strong negative charge.

Figure 6. Conserved residues of the N-terminal domain identified
from sequence alignments with CmlA homologues and mapped onto
the crystal structure. Conserved residues are colored green, with the
catalytic domain colored orange and the N-terminal domain colored
white. Residues primarily serve structural roles by interacting with
nearby residues through hydrogen bonds and hydrophobic packing or
facilitating turns on the arms (G110). Two hydrogen-bonded pairs are
denoted by blue dashed lines: S44 and H52 and Y117 and the amide
of a nearby residue. Helix N2 in the N-terminal domain is colored red.

Figure 7. Identification of a possible electron delivery network and
reductase binding site in CmlA. (A) Conserved aromatic network that
extends from solvent-exposed Y479 to the diiron cluster. (B) Surface
electrostatics map of CmlA showing a possible acidic binding site at
the base of the catalytic domain. Y479 is drawn as sticks colored by
atom (green for carbon). The map was generated using APBS48 and
contoured at 5 kT/e.
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Unfortunately, a specific reductase protein for CmlA has not
been identified, and the Cml operon appears not to encode
such a protein.6 Thus, a definitive test of this hypothesis
through mutagenesis is not currently possible.
Interaction of CmlA with the NRPS. CmlA hydroxylates

only L-PAPA tethered to the carrier PCP domain of CmlP via a
thioester bond to a PPant linker, minimally necessitating a
specific interaction between the holo-PCP domain and CmlA.
To identify the binding site of the PCP domain of CmlP and
elucidate possible features conferring NRPS specificity, we
docked a homology model of the highly conserved CmlP PCP
domain40,41 to the crystal structure of CmlA (Figure 8 and blue

residues in Figure S6 of the Supporting Information). In this
model, the carrier protein binds directly above the channel to
the active site, as observed in similar systems,42 and the serine
residue where the PPant cofactor attaches is poised above the
channel to the active site. The PCP domain interacts primarily
with arm 2 that extends from the catalytic domain of CmlA and
the residues around the channel to the active site. The binding
site is minimally conserved (Figure S6 of the Supporting

Information), which is consistent with the high specificity of the
hydroxylation reaction.
Sequence-based structural comparisons of CmlA and

homologues show that the surface composition of the N-
terminal domain is highly variable. Nevertheless, there are 12
conserved residues, and these appear to be required to maintain
the overall folded structure of each of the protruding arms on
CmlA. This suggests that each arm is functionally relevant, but
the small size of the CmlP carrier domain would limit its
interaction to a portion of the arms identified in the docked
model (Figure S6 of the Supporting Information). Analysis of
CmlA surface electrostatics reveals that the tips of the arms,
which form the groove between domains, have a net positive
charge relative to the rest of the surface (Figure 2C), suggesting
that it may be used as a mechanism for electrostatically
targeting the correct NRPS. One interpretation is that the
NRPS specificity of the trans-acting tailoring enzymes from the
CmlA family is conferred by interactions with the entire NRPS
module and not just the CmlP carrier domain. Resolution of
this possibility awaits further study.

NRPS-Loaded Substrate Binding in the Active Site of
CmlA. In the P450biol-ACP crystal complex, the PPant-tethered
substrate is funneled into a long U-shaped cavity that positions
the hydroxylation site above the heme for oxidation.42 We
propose that a similar mechanism functions in CmlA, and that
substrate positioning is primarily directed by the shape of the
pocket and the length restraints of the linker, resulting in the
positioning of the β-carbon of L-PAPA above the cluster. The
shape of the pocket suggests an orientation in which the
substrate-tethered PPant linker bends roughly 45° over the
cluster, toward Q308 and between the side chains of M493 and
I439 (Figure 5). The length of the linker requires that the
substrate be pushed farther down toward Q308, with the
aromatic portion extending beyond the cluster. The Q308 side
chain may then adopt conformation 2 (Figure S4 of the
Supporting Information) farther back in the pocket, accom-
modating the substrate and stabilizing it in a specific orientation
through hydrogen bonding to the p-NH2 group of L-PAPA. In
CmlA homologues, Q308 is substituted with other residues
capable of H-bonding to substrate. In Tyr-accepting homo-
logues (from Actinoplanes teichomyceticus, Nonomurea sp., and
Streptomyces toyocaensis) involved in the synthesis of
teicoplanins and other glycopeptides, Q308 is substituted
with Ser. In a putative His-accepting homologue from
Streptomyces verticillus involved in bleomycin synthesis, Q308
is replaced with His (Table S1 of the Supporting Information).
The β-carbon of L-PAPA is the site of hydroxylation and must
be positioned near the cluster after binding of the substrate. In
our docked CmlA-PCP domain model, the distance between
the PPant attachment site and the cluster is 13 Å, which
matches well with observations from other systems.42,43 Once
binding has occurred, this would position the L-PAPA amide
somewhere above the cluster and β-carbon slightly beyond it,
near the site occupied by the oxo bridge in the resting state
structure.
To test this possibility, we docked a model of the PPant-L-

PAPA substrate to our structure of CmlA (Figure 8B). We
separately docked the substrate to CmlA with Q308 in each
conformation (Figure S4 of the Supporting Information), but
only conformation 2 shown in Figure 8B gave a result
consistent with the observed chemistry. In this model, the
aromatic group of L-PAPA is positioned in the pocket identified
in Figure 5, and the p-NH2 group interacts with nearby

Figure 8. Computationally docked structures. (A) Homology-modeled
CmlP PCP domain and CmlA. The PCP domain likely binds above
the channel to the active site but interacts minimally with the N-
terminal domain. The PCP domain is colored orange with the putative
PPant attachment site labeled. The CmlA N-terminal and catalytic
domains are colored green and gray, respectively. E430 is positioned
on a loop below the putative PCP domain binding site and is colored
blue. (B) Model of the PPant-L-PAPA substrate docked in the active
site of CmlA. PPant-L-PAPA is colored magenta. Protein residues are
colored gray. Hydrogens on the β-carbon are colored white. All
distances are in angstroms. Hydrogen bonds are indicated by blue
dashes. Docking was performed using Sybyl-X 2.0.
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carbonyl groups from V492 and the side chain of Q308. The β-
carbon is positioned above the cluster, with the correct
prochiral hydrogen placed within 3.4 Å of both Fe atoms.
These results support our proposed binding orientation and are
consistent with a role for Q308 in orienting the substrate in the
pocket.
Regulation of Oxygen Activation. Intermediates formed

during O2 activation are potentially dangerous oxidants to living
systems.44,45 BMMs have evolved sophisticated regulatory
mechanisms for generating these oxidizing species only in the
presence of substrate and/or regulatory protein binding
partners to mitigate undesired side reactions.13,25,27,46 The
triggering of O2 activation by CmlA only upon binding to
substrate-loaded CmlP is a salient example, and it implies a
regulatory role for the NRPS.3 The mechanism of regulation of
O2 activation in the BMM family often involves structural
changes. For example, the binding of regulatory protein
MMOB to the hydroxylase component of sMMO causes
structural changes near the diiron cluster,27,47 and similar
perturbations may also occur in CmlA. Comparison of the
predicted and observed cluster ligand structures of CmlA
suggests a possible regulatory mechanism.
In our earlier study, the cluster ligands reported here were

correctly predicted on the basis of sequence comparisons to
other members of the MBL superfamily and alignments to
CmlA homologues.3 However, E430 was also identified as a
likely fourth carboxylate ligand to the diiron cluster. Analysis of
the electron density maps shows that this residue is positioned
nearby on a loop (residues 430−437) that runs along the base
of the groove between the domains above the acetate binding
site of Fe2. It does not coordinate the cluster, and the side
chain of E430 appears to be disordered. One possible rotameric
conformation of E430 places the carboxylate group within ∼3 Å
of Fe2 (green in Figure 4C), an orientation that partially
overlaps with the acetate ligand [and the solvent(s) that
presumably replaces the acetate when the enzyme is in
solution]. The residue is sufficiently distant that it cannot
coordinate to the cluster without a concomitant shift in the
backbone. Coordination of E430 to Fe2 would build the
carboxylate rich diiron cluster that differentiates O2 carrier
proteins from O2 activating enzymes.3,10 Consequently, a
conformational change that allows E430 to coordinate might
serve as the switch to promote O2 activation. E430 is located on
a loop directly below the tentative binding site of the CmlP
PCP domain identified in the docked structure (blue residue in
Figure 8A), so that the docking of CmlP may shift E430 close
enough to coordinate to Fe2. Conservation of the nearby G433
residue could indicate it is required to maintain the backbone
flexibility required for this change.
An initial examination of the hypothesized role of E430 was

made using the E430A variant. A single turnover of fully
reduced E430A in complex with L-PAPA-loaded CmlPAT
resulted in a 25-fold decrease in the maximal rate constant
for reaction with O2 as shown in Figure 9. In contrast, the
autoxidation rate in the absence of L-PAPA-loaded CmlP was
unchanged from that observed for WT CmlA. The total iron
loading in the active site of the E430A variant was comparable
to that of WT CmlA but exhibited a blue-shifted optical
absorption spectrum (Figure S7 of the Supporting Informa-
tion). This demonstrates that E430 interacts strongly with the
diiron cluster despite its position being remote from Fe2. As
expected, the optical spectra of diferrous CmlA and E430, with
or without L-PAPA-loaded CmlPAT bound, were bleached and

featureless in the visible range.3 These results support the
hypothesis that E430 has a role in establishing a diiron cluster
structure that is capable of rapidly activating O2. However, the
fact that E430A still accelerates the rate of O2 reaction over
autoxidation (Figure 9) suggests that the complex with the
loaded NRPS has additional structural and/or electronic effects
on this reaction. Initial attempts to crystallize E430A were
successful, but the resulting crystal forms did not diffract to
high resolution.

■ CONCLUSION

Tailoring of natural products during biosynthesis in NRPS-
based systems is highly specific. The X-ray crystal structure of
the archetypal diiron cluster-containing β-hydroxylase from an
NRPS system described here provides insight into the basis for
this specificity. It is likely to involve interactions directly with
the substrate, L-PAPA, in the CmlA active site and also with the
NRPS to which L-PAPA is covalently attached. The two
structural domains identified in CmlA may serve different roles
in establishing specificity. The structure demonstrates directly
that the C-terminal domain houses the active site in which the
diiron cluster responsible for oxygen activation is bound. The
full role of the N-terminal domain with its previously
uncharacterized structural motif remains open to speculation.
While the structure shows that this domain facilitates
dimerization in this family of enzymes, its proximity to the
channel into the active site and the structural conservation of
CmlA homologues also imply a role in establishing the NRPS
complex. Finally, the NRPS may also act as a regulator of O2
activation, delivering substrate and engendering conformational
changes in CmlA that ensure that the oxidative chemistry
occurs only in the presence of the tethered amino acid.

Figure 9. Stopped-flow reaction between 100 μM chemically reduced
WT or E430A CmlA in complex with a 2.5-fold excess of L-PAPA-
loaded CmlPAT rapidly mixed with O2-saturated buffer at 4 °C and pH
7.5. The reaction of WT CmlA (blue) is complete within 1 s (1/τ1 =
17 s−1, and 1/τ2 = 5.2 s−1). The E430A reaction (black) can be fit by a
sum of three exponentials (red dashed) with the following: 1/τ1 = 0.68
± 0.09 s−1, 1/τ2 = 0.18 ± 0.04 s−1, and 1/τ3 = 0.020 ± 0.006 s−1. The
basis for the multiple-exponential time course is unknown.
Autoxidation of the cluster upon exposure of reduced E430A to O2
in the absence of CmlP (green) can be fit (red dashed) to a single
exponential with a 1/τ1 of 0.014 ± 0.007 s−1, the same as that observed
for WT CmlA autoxidation. The reaction of WT CmlA (blue) is from
ref 3.
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■ ABBREVIATIONS
NRPS, nonribosomal peptide synthetase; CmlA, β-hydroxylase
of the chloramphenicol biosynthetic pathway; CmlP, NRPS of
the chloramphenicol biosynthetic pathway; sMMO, soluble
form of methane monooxygenase; MMOB, regulatory
component B of the sMMO system; L-PAPA, L-p-amino-
phenylalanine; PPant, 4′-phosphopantetheine cofactor; PCP,
peptidyl-carrier protein [this CmlP domain contains the serine
attachment site for PPant and the amino acid substrates that are
subsequently covalently linked to PPant; PCP is alternatively
termed the thiolation (T) domain]; CmlPAT, truncated version
of full-length CmlP lacking the C-terminal reductase domain of
the NRPS.
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