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Degradation of carbohydrates by bacteria represents a key step in energy metabolism
that can be inhibited by methylated sugars. Removal of methyl groups, which is critical
for further processing, poses a biocatalytic challenge because enzymes need to over-
come a high energy barrier. Our structural and computational analysis revealed how a
member of the cytochrome P450 family evolved to oxidize a carbohydrate ligand. Using
structural biology, we ascertained the molecular determinants of substrate specificity and
revealed a highly specialized active site complementary to the substrate chemistry.
Invariance of the residues involved in substrate recognition across the subfamily suggests
that they are critical for enzyme function and when mutated, the enzyme lost substrate
recognition. The structure of a carbohydrate-active P450 adds mechanistic insight
into monooxygenase action on a methylated monosaccharide and reveals the broad
conservation of the active site machinery across the subfamily.

Introduction

Microbial polysaccharide utilization is a key component of the global carbon cycle. Complex carbohy-
drate degradation requires cognate suites of enzymes to enable utilization by bacteria. Modifications of
carbohydrate structures found in nature can shield the sugar against enzymatic degradation in the
course of polysaccharide use. Acetyl-, sulfate- and methyl groups need to be enzymatically removed
before metabolic enzymes are able to generate energy from monosaccharide conversion. Dealkylation
of carbohydrates is particularly difficult to overcome, because methoxy group protections belong to
the easy on, hard off category [1,2], i.e., carbohydrates can be readily methylated using methyl-iodide,
but it is challenging to remove the methyl groups chemically without damaging the underlying carbo-
hydrate [2]. Plants and algae use this modification to modulate the properties of the polysaccharides
and perhaps even prevent or limit their degradation by bacteria [3,4]. For example, in the gut envir-
onment, bacteria completely degrade many highly complex carbohydrate structures, but there is
evidence that methylated sugars are resistant to degradation [5]. Similarly, methylated carbohydrates
accumulate in surface waters of the ocean suggesting that they are relatively recalcitrant in the
marine environment as well [6].

A variety of enzyme families have been implicated in demethylation including cytochrome P450
monooxygenases [7], [2Fe-2S]-dependent [8] or folate-dependent [9] enzymes. Cytochrome P450
proteins are ubiquitous oxidizing enzymes that can act as monooxygenases which, in most cases,
hydroxylate hydrocarbons leading to the formation of, e.g., m-hydroxy-fatty acids (P450 BM3) [10],
regioselective hydroxylation of steroids like progesterone (CYP109E1) [11] or of camphor (P450.,,)
[12]. The catalytic cycle for these enzymes, typified by P450.., [13], uses molecular oxygen, two
electrons from NAD(P)H and two protons at a central heme ligand in the formation of water and a
hydroxylated product. Structurally, P450s have a conserved fold and the best understood is P450,m
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Figure 1. Overall reaction scheme.
The general oxidative demethylation mechanism of cytochrome P450 monooxygenases.

[14]. It has also been trapped in crysto in a large variety of intermediate stages of catalysis along the reaction
coordinate [13]. Oxidative demethylases, in general, proceed via the insertion of a single oxygen atom into a
C-H bond of the methyl group followed by spontaneous decomposition of the hydroxylated intermediate yield-
ing formaldehyde and a demethylated product (Figure 1). A cytochrome P450 O-demethylase for lignin
degradation has also recently been structurally characterized [15].

We have recently described a novel activity for cytochrome P450s present in marine bacteria that can remove
the methyl group from a carbohydrate, 6-O-methyl-p-galactose (G6Me), in an oxidative mechanism [16]. This
process is dependent on its cognate accessory proteins, ferrodoxin and ferrodoxin reductase, as opposed to
many other P450s that accept electrons from generic accessory proteins [17]. These marine bacterial P450s
have a tight substrate repertoire as they only accept G6Me out of more than 40 compounds investigated includ-
ing monosaccharides methylated at the other positions. Furthermore, the carbohydrate-active enzymes did not
consume significant amounts of reducing equivalents in the absence of substrate [16]. These enzymes are repre-
sentative of P450s that act on polar substrates, and represent the first P450 monooxygenases involved in sugar
metabolism. A detailed bioinformatic analysis identified that they belong to a new subfamily of P450 monooxy-
genase and cluster with agarolytic genes in the genomes of marine bacteria. Zobellia galactanivorans, the model
microbe in the present study, is a marine Flavobacterium that degrades a wide variety of algal polysaccharides
including porphyran [18]. In an expression analysis, the target gene of this study that encodes for P450,G,
(CYP236A2, WP_013995999) was expressed at a higher level on porphyran compared with other polysacchar-
ides just below the 2-fold cutoff suggesting that this enzyme may be used in Z. galactanivorans when the organ-
ism is growing on this substrate [19] that can contain up to 25% of G6Me [4].

Microorganisms can be engineered to convert algal biomass into valuable chemicals [20]. If G6Me-rich
biomass were to be used, the demethylation by P450,,g, could be used to increase the available amount of fer-
mentable sugars and thereby improve the conversion yield. Furthermore, a molecular understanding of the
acceptance of a hydrophilic substrate by a P450 monooxygenase would enable enzyme engineering to adapt the
enzyme to different substrates. This could be used, for example, to perform the selective demethylation of
various carbohydrates, which is chemically not feasible [21].

Here, we examined the molecular mechanism of substrate recognition and O-demethylation of carbohydrates
by P4507,c, using calorimetry, X-ray crystallography and mutagenesis of active site residues. The structure
demonstrates positioning for hydroxylation of the distal carbon of the methyl group and a comparison to char-
acterized enzymes illustrates the distinct mechanism of polar substrate recognition in this subfamily of P450s.
Mutagenesis of the active site residues demonstrates that the enzyme is acutely sensitive to perturbations in the
side chains that mediate the interaction with the substrate. The present study adds mechanistic insight to
the ability of P450s to specifically recognize and demethylate carbohydrate ligands.

Experimental procedures

Protein production, purification and crystallization

Recombinant expression of P450,,g, was carried out using Escherichia coli BL21 (DE3) with pET22-P450,,c, in
media containing 1% tryptone, 0.5% yeast extract, 100 mM MgSO,4, 0.5% glycerol, 0.05% glucose, 0.2% lactose,
25mM ammonium sulfate, 100 mM potassium phosphate monobasic, 100 mM sodium phosphate dibasic,
100 pg/ml ampicillin, 0.3 mM FeSO,4 and 0.5 mM 5-aminolevulinic acid in unbaffled flasks at 20°C and 180 rpm
for three days. Cells were harvested by centrifugation and stored at —20 °C until use. Cell pellets were disrupted
by chemical lysis using sucrose solution (25% sucrose, 50 mM Tris pH 8.0) to which lysozyme was added to a
concentration of 1 mg/ml and incubated for 10 min. Deoxycholate solution (1% deoxycholate, 1% Triton X-10,
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1 mM MgCl, and 100 mM NaCl) was added and the released DNA was degraded with 1 mg/ml DNase. The
resulting lysate was clarified by centrifugation at 16 000xg for 45 min at 4°C and applied to a 5 ml prepacked
TALON column (GE) equilibrated in Buffer A (20 mM Tris pH 8.0 and 500 mM NaCl). Unbound protein was
washed away with Buffer A and then bound protein was eluted with a gradient of imidazole up to 500 mM in
Buffer A. Purified protein was concentrated using a stirred cell ultrafiltration device on ice with a 10 kDa molecu-
lar mass cutoff and dialyzed into crystallization buffer (20 mM Tris pH 8.0 and 150 mM NaCl). The extinction
coefficient €450, =91 MM ecm™ of the carbon monoxide difference spectrum was used to quantify the
protein concentration. Dialyzed protein was screened for crystallization conditions using the Midwest Center
for Structural Genomics screen 1 (Molecular Dimensions) and conditions were optimized to obtain large
crystals. The final optimized condition crystals were obtained by mixing protein solution 1:1 with well solu-
tion (20% PEG 3350, 150 mM NacCl). Crystals were soaked in 6-O-methyl-p-galactose (Carbosynth) and
cryo-protected in glycerol prior to flash freezing in liquid nitrogen.

Mutagenesis

Site-directed mutagenesis was used to change the active site residues V58, E62, F73, L267 and M270 to alanine.
PCRs were performed with 0.4 pl PfuPlus! DNA polymerase (5.0 U/pl; roboklon), 2.5 pl 10x Pfu-buffer,
1.25 ul forward and reverse primer (10 wM), 0.5 pl ANTPs (10 mM each), ~40 ng template DNA and water
added to a total volume of 25 pl. After an initial 30 s at 95 °C, the cycle of 30s at 95°C, 30 s at 63 °C and
7 min at 72 °C was repeated 20 times prior to a final elongation step for 10 min at 72 °C. Afterward, the reac-
tions were stored at 4 °C. To digest template DNA, 1 pl Dpnl (20 U/ul, New England Biolabs) was added and
incubated for 2 h at 37 °C prior to inactivation for 20 min at 80 °C. Chemically competent E. coli Topl0 were
transformed with 2.5 ul of the mixture and plated on LB agar supplemented with 50 pg/ml kanamycin for
selection. Successful generation of the mutants was confirmed by sequencing.

Data collection and structure solving

Diffraction data were collected for both the unbound and 6-O-methyl-galactose bound P450,,g,. Data were
automatically indexed and integrated using XDS [22] and scaled in Aimless [23]. The structure was solved by
molecular replacement using an ensemble of the co-ordinates from four P450 structures (pdb id: 5190, 4ubs,
1cl6 and 3ejd) [11,24-26] and phaser [27] in the phenix suite [28]. A combination of buccaneer, Refmac5,
phenix.refine and coot were used to automatically build and manually complete the structure of P4507,G.
[29-33]. Structure figures were prepared in PyMOL.

Isothermal titration calorimetry

Recombinant protein was desalted using PD-10 columns (GE Healthcare) and concentrated into ITC (isother-
mal titration calorimetry) buffer (50 mM NaPi, 100 mM NaCl, pH 7.4) using Vivaspin 6 (Sartorius) with a
30 kDa membrane. The ligand was resuspended in the same buffer and the ITC experiment was conducted
using a MicroCal PEAQ-ITC instrument (Malvern Panalytical) with analysis and control software version
1.1.0.1262. The protein was at 1.42 mM in the cell and ligand at 50 mM in the syringe. As controls, the buffer
was titrated into buffer, the buffer into protein and the ligand into buffer to estimate the heat of dilution.

Binding assay

Mutants of P450,,G, were purified and dialyzed into binding buffer (25 mM Tris, 100 mM NaCl, pH 8.0).
Binding was initially screened for at a substrate concentration of 5 mM to detect binding activity. Mutants that
showed binding were further analyzed by generating an endpoint binding curve that was fit to the equation
using data from three trials to obtain a dissociation constant, K.

Results
The overall structure of P4502,g, reveals structural rearrangements relative to

characterized cytochrome P450 monooxygenases

Generally, eukaryotic cytochrome P450 monooxygenases are generalist enzymes that act on relatively nonpolar sub-
strates lacking strong specificity, as they are often used to detoxify various xenobiotics. But, many bacterial
cytochrome P450s tend to have narrower substrate specificities sometimes acting on a single substrate [15].
P450,,G, has only been shown to be active on G6Me despite testing of other O-methylated monosaccharides [16].
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In its biological context, this substrate specificity is reasonable as the biological function of P4502,¢, is the removal
of the shielding methyl group from the p-galactose sugar present in agar. This is the most abundant methoxy sugar
in these complex polysaccharides that can be up to 25% of raw agar. Consequently, P450,,, has evolved for this
specific function to provide the marine bacteria with a unique advantage over other microbes competing for
carbon sources. To better understand the mechanism of specificity and substrate recognition, we used X-ray crystal-
lography to study the structure—function relationship of this enzyme and its carbohydrate substrate. Co-purification
of recombinant P450,, with its heme cofactor yielded bright red protein. Crystals of the protein were obtained in
the space group P212121 that diffracted to 2.25 A. The structure was solved using molecular replacement with two
molecules in the asymmetric unit (Table 1). Model building led to a nearly complete model between residues K2
and L385 out of 387 residues in the native sequence. Gaps remained between G153 and D167 in chain A and
between G153 and A163 in chain B. The structure of P450,,G, consists of a single domain of mixed alpha-beta
topology and an overall triangular globule form (Figure 2A). The heme ligand binds deep within the core of the

Table 1 X-ray data collection and refinement statistics

3878

Dataset P450z,Ga P4502,6. G6Me
X-ray source DESY P11 DESY P11
Wavelength (A) 1.7389 1.7389
Resolution (A) 99.87-2.25 (2.37-2.25) 99.84-2.40 (2.49-2.40)
Space group P242424 P2,2,24
Cell constants (A) a=63.28,b=68.15,¢c=199.7 a=63.02,b=67.88,c=199.7
Number of reflections 418 105(57 238) 233876(24 106)
Number unique 41 766(6000) 34 391(3545)
Rsym (%) 0.111 (0.809) 0.127 (0.789)
Completeness (%) 99.5 (99.7) 99.9 (100)
Redundancy 10.0 (9.5) 6.8 (6.8)
(I/o(l)y 14.4 (3.9) 10.1 (2.4)
Mosaicity 0.15 0.27
Wilson B factor 241 241
Refinement

Ruwork/Riree (%) 20.35/24.57 16.92/22.78

Number of atoms 6206 6375

Protein 5924 5983

Ligand 86 112

Water 196 272
B factors

Overall 36.76 38.75

Protein 38.36 39.04

Ligand 21.72 29.30

Water 32.98 36.24
R.m.s. deviations

Bond lengths (A) 0.017 0.013

Bond angles (°) 1.659 1.608
Ramachandran statistics (%)

Favored 97.3 96.39

Allowed 2.7 3.34

Outliers 0.0 0.27
PDB accession code 6G5Q 6G50
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Figure 2. Overall structure of P4502,Ga-

(A) Overall triangular shape of P450z,G.. The surface of the protein is represented as a transparent surface with the secondary
structure elements labeled in yellow and green. (B) The structure is shown as a cartoon colored as a rainbow from N- to
C-terminus gradually from blue to red. The heme prosthetic group is shown as calotte model. The molecule is viewed from the
substrate access (distal) face and visible structure elements are labeled, as are the N- and C-termini. The gap in the F-G loop
is indicated using a dotted line. (C) The four major differences from P450.,,, (PDB ID code 3CPP) are shown in purple on a
background of P450,,, in white. The heme ligand is shown as spheres in green. (D) The arrangement of the structural
features that dominate the opening to the catalytic site in P450.,m and P4502,c,. The active site (below) is framed by the |
helix, helix K-p1-4 and the B-C loop. Overlain upon this framework are the three loops: the B-C loop (blue), F-G loop (green)
and the C-terminal loop (red). The F-G loop is disordered in the structure of P4502,g, and has been modeled as a dashed line.

fold, forming a covalent bond with the thiolate side chain of C330 and is only accessible to solvent on the distal
face. The P450 protein family has a set of standard nomenclature for the conserved secondary structure elements
[14]. The helices are named with letters from A to L and the beta-sheets are numbered 1-3 (Figure 2B). Bl is a
four-stranded sheet with two strands from the N-terminus and two from the center of the protein sequence. 2
consists of a pair of antiparallel strands inserted between p1-3 and B1-4 that stacks against B1. 3 is a long twisted
B-sheet with two antiparallel strands that extends along the longest edge of the triangular globule and a small
three-residue strand inserted between helices D and E. The orientation and tight packing of the C-terminal loop
suggests that this unique structural feature is fixed and cannot participate in closing the active site. The active site is
positioned above the heme ligand and is formed by residues from the I helix, the B-C loop, the f1-4 strand and the
preceding K-B1-4 loop. This active site is capped by the F-G loop that, in the structure of P450,.,, is not resolved
and this is likely due to intrinsic flexibility of this loop. This region of P450 is typically flexible to allow substrate
access to a closed active site and in at least one other case is only visible in the substrate-bound form [34].
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Exploring the structures similar to P450,,c, using the Dali server revealed the closest structural homologs
are the bacterial P450s CYP124, P450cin and P450.,,, [35-37]. As such, the structure of P450,,G, shares many
structural features with the archetypal P450., [37] and the more recently characterized structures. When
structurally aligned with P450,,,, the structures share a sequence identity of 24.6% and a core rmsd of 1.76 A.
In Figure 2C, the shared structural features are hidden and only the major differences are shown. This view
highlights four major differences at the structural level that lie in the secondary structure elements involved in
capping the conserved active site. In P450,,G., as previously noted, the active site is composed of the K-pB1-4
loop, the B-C loop and the I helix. In P450,,,, the C-terminal loop, the F-G loop and the B’ helix in place of
the B-C loop come together to close the active site during catalysis (Figure 2D). However, in P450,,g, the
C-terminal loop is in the form of a long twisted B-hairpin that runs along the edge of the structure leaving the
active site wide open. As a closed active site is required, the unresolved residues of the F-G loop in P450z,c,
were modeled to test whether they could reach across (Supplementary Figure S1). The structural space occupied
by the C-terminal loop of P450,c, is replaced in P450.,,, by an extended N-terminal loop that extends toward
the B-sandwich (B1-f2). Overall, the P450 fold is highly conserved but here we observe a rearrangement rela-
tive to the active site architecture found in other P450 homologs.

Complex of P450,,g, with G6Me reveals the specific residues that mediate

substrate recognition

To evaluate the molecular interactions involved in substrate recognition and catalysis, a dataset was collected
using a protein crystal soaked in substrate. The resulting co-structure reveals the specific residues that bind and
orient the substrate above the active center (Figure 3A). The substrate is found surrounded by hydrophobic
residues with a pair of hydrophilic residues orienting the target methyl-group toward the iron center of the
heme ligand (Figure 3B). The B-C loop provides Glu62 and GIn70 that coordinate the O2, O3 and O4 hydroxyl
groups of the pyranose ring through hydrogen bonding. The adjacent residue Arg66 is close enough to modu-
late the pKa of Glu62 allowing it to act as a proton acceptor in substrate binding (Figure 3C). Furthermore, the
loop provides the hydrophobic residues Val58 and Phe73. The latter is within range to form a C-H---n inter-
action between C6 of the ligand as donor and center of the aromatic ring of Phe73 as acceptor [38]. The ligand
is tightly packed between the I helix and the B1-4 residues as the distance between Co of Gly220 and Met270
is 8 A and between G220 and Phe73 is also 8 A. These residues are close enough to exclude water from the
immediate vicinity when the substrate is bound. In summary, the ligand is bound by a hydrophobic environ-
ment with additional electrostatic interaction on the distal side of the binding site. These structural data suggest
both a favorable entropic and enthalpic contribution to binding and with this hypothesis we turned to
calorimetry.

Isothermal titration calorimetry supports the proposed mechanism of

substrate recognition

The first step of the catalytic cycle of P4502,c, is binding of substrate to the active site. This binding event
leads to a spectral shift as the iron center shifts from hexa- to penta-coordinated as apical water is displaced
[12,37]. To date, the ligands of well-characterized P450s are mostly hydrophobic and as such, these enzymes
accommodate the substrate in nonpolar binding pockets and the interaction is often driven by entropy [39].
However, carbohydrates are polar and hydrophilic and the crystal structure revealed that they bind through a
disparate mechanism. We used ITC to investigate the interaction of the polar substrate with the P450
(Figure 4). This technique provides direct measurement of changes in heat in the system. Integration of the
binding isotherm leads to thermodynamic parameters in addition to the affinity.

Fitting the data with a fixed single site-binding model based on the crystal structure led to a dissociation con-
stant of 0.98 mM. The binding has a favorable enthalpic parameter and a slightly larger favorable entropic par-
ameter (Table 2). This value deviates somewhat from the value obtained from difference spectrum
measurements, but this may simply be due to the difference in pH and salinity between the measurements.
Protein carbohydrate interactions are typically enthalpy driven through electrostatic interactions with an
unfavorable entropy component [40,41]. But, P450 interactions with substrate are typically entropy driven due
to the hydrophobic substrate [39]. In P450,G., the favorable entropic parameter of the carbohydrate-active
P450 may be due to the hydrophobicity of the active site compared with other carbohydrate-active proteins.
The relative energetic cost of solvation of the free ligand and hydrophobic-binding site for the additional
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Figure 3. Coordination of G6Me in the active site of P4502,Ga-

(A) The 2F,— F. map at 1 sigma is shown in blue along with the adjacent residues of the active site. Ligand coordination in the
complex of 6-O-methyl-p-galactose and P450z.g,. (B) Overall view of catalytic site architecture with the relevant secondary
structure elements and the residue ranges labeled. The iron is represented as a brown colored sphere. (C) The possible
electrostatic interactions found within the catalytic site that coordinate the ligand. Hydrogen bonds are shown in black and the
C-H---r interaction is shown in purple with the distances in A

E62

[RGG

N?O

F73

methyl-group bound to the monosaccharide ligand could explain this difference. The favorable enthalpic par-
ameter is expected for proteins that rely on hydrogen bonding for substrate recognition and suggests that
P4507,G, employs this mechanism. Overall, the ITC data suggests that both the hydrophobic effect and hydro-
gen bonding are involved in substrate recognition. To further investigate the contribution of these residues to

substrate binding, we used mutagenesis.

Mutants of catalytic site residues abrogate binding to 6-O-methyl-p-galactose

Mapping the sequence conservation among the close homologs of P450,,, within the CYP236A family onto
the structure revealed absolute conservation of the amino acids identified in and around the active site
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Figure 4. Representative ITC titration of P450,,c, and 6-O-methyl-p-galactose.
(A) The raw calorimetric data, (B) the integrated heats and (C) a bar diagram showing the contributions of AH and —TAS to AG.

(Figure 5A). This conservation underlines the important biological function of these residues and reveals that
the subfamily probably exhibits one single activity. We performed site-directed mutagenesis of active site resi-
dues to probe their importance. Of six mutants, only the M270A mutant still bound the substrate at an affinity
~50 times lower as measured in a spectral-difference assay (Table 3). The M270A mutant from the f1-4 strand
was the only modification that did not result in a complete loss of substrate recognition. However, the adjacent
L267A mutant resulted in a protein that did not bind suggesting that this residue is even more important for
the maintenance of a hydrophobic environment. The four mutants from the B-C loop all resulted in a loss of
binding to the substrate. These four included the residues Glu62 and GIn70 that mediate hydrogen bonding
with the substrate and Val58 and Phe73 that contribute to the hydrophobic environment. The B-C loop, in
particular, contains many residues that are absolutely conserved across the protein subfamily and may represent
a signature for the carbohydrate-active P450 (Figure 5B). Combined, the strict conservation of many residues
shown to be interacting with the ligand and the exquisite sensitivity to perturbations in the active site, reveal a
finely tuned enzyme family focused on the removal of 6-O-methylation from p-galactose.

Discussion
Monooxygenases act as O-demethylases by hydroxylating the substrate followed by spontaneous decomposition
of the acetal group [8,42]. To the best of our knowledge, P450 O-demethylases have never been examined struc-
turally in complex with their substrate and therefore this line of direct mechanistic evidence is lacking. One key
aspect for the mechanism is the distance between the carbon of the target and the iron center. In P450,, the
O-methyl group in G6Me and the heme iron are 4.28 and 4.74 A apart in chains A and B, respectively. This is
in line with the distance between ligand and heme group observed in P450.,,, (Figure 6). Furthermore, conser-
vation of Thr224, Asp223 and the kinked I helix which together form the acid/alcohol motif and proton
channel [43,44] suggests that the reaction proceeds in an analogous manner to other P450s typified by P450 .,
[13] up to the point where a hydroxylated intermediate is formed (Figure 6). In the end, this short-lived
species rapidly decomposes to form formaldehyde and the demethylated substrate; in this case p-galactose.
Cytochrome P450 monooxygenases catalyze a variety of hydroxylation reactions. The nature of the P450
reaction mechanism and the highly reactive intermediates require a diffusion limited active site with controlled
water access [45]. However, many P450s in vitro suffer from large rates of uncoupling that results in the pro-
duction of reactive oxygen species, e.g., hydrogen peroxide [46]. In a physiological context, such reactions
would not only waste chemical energy by depleting the NAD(P)H pool but also directly generate harmful,
reactive oxygen species [47]. In P450ZoGa, the polar hydroxyl groups of the sugar substrate are bound by a
relatively polar active site compared with other P450 monooxygenases. This might render this active site par-
ticularly susceptible to disruption of the catalytic cycle of P450s due to excessive hydration near the iron
center. However, both previously enzymatically characterized members of CYP236A showed high coupling

Table 2 Thermodynamic parameters of ligand interaction with P450,,g, derived from ITC at 20°C
N (sites) K4 (mM) AG (kcal/mol) AH (kcal/mol) TAS (kcal/mol)

P450z0ca 1 0.98+0.12 —4.04 +0.08 -1.17+0.07 2.85+£0.16
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Figure 5. Conservation of P450 CYP236A residues.

(A) Sequence conservation was mapped onto the structure of P4502,g, [50] to illustrate the absolute conservation of the core
including the residues implicated in substrate recognition. Conservation is represented by color with dark and light colors
representing conserved and divergent residues, respectively. One hundred and fifty bacterial sequences were extracted from
NCBI using blast and aligned. (B) Sequence conservation of the B-C loop is shown in a Weblogo [51]. The residues highlighted
in yellow were tested in mutagenesis experiments.

demonstrating that these enzymes have evolved to minimize uncoupling, while converting a relatively polar
substrate. This is underlined by invariance of the residues that provide the fine-tuned recognition of G6Me.
This hypothesis is supported by the high sensitivity of the enzyme to perturbations of the side chains in the
active site (Table 3).

The relatively low affinity of P4507,g, for its native substrate that is tightly coordinated by conserved residues
suggests that this enzyme is highly specialized for G6Me. Coordination of the substrate in a longitudinal orien-
tation with the hydrogen bonding occurring on the 2, 3 and 4 positions of the carbohydrate and a ring of
hydrophobic residues surrounding the 6-O-methyl-group takes advantage of the unique chemistry of the sub-
strate. Among the methylated monosaccharides tested using this enzyme, only G6Me has a 6-O-methyl group.
Monosaccharides methylated at other positions would likely be excluded, barring a significant conform-
ational change, because they cannot bridge the hydrogen-bonding potential of the B-C loop and the iron
center at the same time. The high specificity observed could also be necessary to prevent unwanted oxidation
reactions of other cellular compounds. If other sugars than G6Me would be nonspecifically hydroxylated, the
cell would lose energy and valuable carbon sources. It is also important that the reaction product p-galactose,
which differs from the substrate by the absence of the methyl group, is discriminated and not oxidized

Table 3 Effect of mutagenesis of active site residues on binding G6Me
Mutation Wild type [16] V58A E61A Q70A F73A L267A M270A

Kg (MM) 1.80+0.05 ND ND ND ND ND 746+9.9

ND, no binding detected.
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Figure 6. Comparison of the | helix and substrate binding of P450_,,.
P450.,m is in complex with camphor and dioxygen (cyan) and the complex of P4502,g, With G6Me is shown (green). The
numbering comes from P450,G,.

further while still in the active center. This so-called over oxidation has been reported for several P450
monooxygenases [10,48].

The apparent Ky of P4502,c, is 0.97 mM [16] which is roughly equal to the dissociation constant of the
enzyme. Most P450s have a much lower Kj; and dissociation constant compared with these values. A typical
K4 or Ky for a lipophilic substrate is closer to 1 wM [15]. This may be a consequence of the polarity of the
ligand as a strong entropy-driven affinity is not accessible for enzyme acting on a monosaccharide. Indeed, if
other P450s had such weak affinities, quantitative experiments would be much more challenging due to the
insolubility of the ligands.

Mechanistically, P450z,¢, acts in an identical manner to most other characterized P450s up to the point of
G6Me hydroxylation. This is followed by decomposition of this intermediate into free product and formalde-
hyde. This mechanism has been proposed based on isotopic effects [49] and is logical based on the products
that are formed [16]. The recent structural analysis of a lignin O-demethylase examined adjacent hydroxyl
groups donating protons in the formation of water in the reaction mechanism [15]. In P450,,G,, the protons
could not come from the hydroxyl groups of the carbohydrate because they are too far away given the binding
orientation of G6Me in the active site. Therefore, the structure of the complex of P450,,c, and its substrate
supports the conserved mechanism where protons are donated from the acid/alcohol motif and connect to
solvent through the conserved water channel.

Our structure-function analysis of the carbohydrate-active P450 has created a model for the specificity of
these enzymes. The conservation of specificity determinants in CYP236A suggests that the subfamily may be
specific for G6Me. This observation is consistent with their general genomic context within agar utilization
loci. Overall, our results bring a molecular understanding to the substrate recognition and activity of a
carbohydrate-active cytochrome P450 monooxygenase.
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