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Cytochrome P450 BM-3 (BM3)isolated fromBacillus mega-
terium catalyzes the hydroxylation and/or epoxidation of a broad

B-factors in the amino acids flanking the substrate access channel:
R47 (involved in substrate orientation by interacting with the

range of substrates, including alkanes, alcohols, fatty acids, amidescarbonyl group of fatty aci)), F helix (H171-R190), G helix (A197-

polyaromatic hydrocarbons, and heterocyél@he K, values of
BM3 are in the millimolar range for many of these notoriously

S226) and F/G loop (A191-P196). Our crystallographic findings
are in agreement with previous MD studies in solutfénshich

water-insoluble compounds. Polar organic cosolvents, for instance support high flexibility of BMP's substrate binding pocket. Interest-
dimethylsulfoxide (DMSO), can be supplemented to increase ingly, the previously specified regions show large conformational

substrate solubility to achieve higher catalytic efficiencies. Using

changes upon substrate binding in the substrate-bound and substrate-

requires improved tolerance toward organic cosolvents and a bettergata from Lo-/Hi-DMSO also suggest that the substrate channel of

understanding of organic cosolvent effect on the activity of BM3.
Purified BM3 retains~70% of its activity at 14% (v/v) DMSO.
Activity drops drastically to~10% when DMSO concentration
reaches 28% (vAA.Previous theoretical studies with molecular
dynamics (MD) simulatiorfs® and results from UV-vis spectros-
copy indicate the possibility of DMSO perturbing the heme
coordination, thus resulting in activity loss. We report here two
crystal structures of BM3 heme domain (BMP, T1-L455) cocrys-
tallized with 14% (v/v) and 28% (v/v) DMSO, which shed the light
on a cosolvent inactivation mechanism.

Comparisons of the BMP crystal structures in low and high
DMSO concentration$(14% (v/v); Lo-DMSO)//(28% (v/v); Hi-
DMSO)} to a previous BM3 structure (1BU¥$how similar overall
folds without a sign of partial or global unfolding, as predicted by
MD#%and confirmed by UV-vis measurements. However, the root-
mean-square deviation (rmsd) of monomer B from monomer A in
Lo-DMSO (0.376 A) and in Hi-DMSO (0.468 A) are significantly
lower than that in 1BU7 (1.425 A). In contrast to Lo-/Hi-DMSO,
1BU7 was crystallized in buffer without DMS®The resultant
lower rmsd’s of Lo-/Hi-DMSO suggest a reduction of the flexibility
of BMP owing to DMSO addition, which is further supported by

BMP is highly dynamic and previous MD studbeadicated even
a DMSO-induced substrate channel opening (defined by distances
P45-A191 and R47-Y51).

The most striking difference between Lo-DMSO and Hi-DMSO
lies in the heme coordination (Figure 1). In Lo-DMSO, a slight
nonplanar distortion of the heme is observed compared to 1BU7
in which the iron is displaced distally by0.16 A on average.
Furthermore, the water molecule coordinated to the heme iron is
displaced aside (toward A328). Distances between irons and
coordinated water molecules (F&,e) are 3.56 A for H0239
(monomer A) and 3.97 A for {0207 (monomer B). In 1BU7, a
water molecule is heme-coordinated at its sixth position with an
average distance of 2.63 A. In Hi-DMSO, a DMSO molecule is
found to coordinate surprisingly the heme iron at its sixth position
via a sulfur atom (FeSpuso distances are 2.35 and 2.39 A for
monomers A and B, respectively). These covalent &guso bonds
have almost identical distances of fifth C400 ligand in the heme
center (average FeScysagodistance= 2.33 A). One methyl group
of DMSO tethers to F87 (distance 3.7 A) while the other one
points to T268. The position of DMSO sulfur was confirmed by

the average B-factors for all three structures that lie between 24 anomalous scattering data collected for the sulfur and iron atoms

and 30 &, resolutions range from 1.7 A (1BU7 and Hi-DMSO) to

2.1 A (Lo-DMSO) and low mean coordinate errors of 0.13 A and
0.07 A for Lo- and Hi-DMSO, respectively. Interestingly, theoretical
studies using MD showed that the flexibility of BMP was slightly

lower in water/DMSO mixture compared to wafek tendency of

(Figure 1). According to the haresoft acid-base theory, we would
expect an ambident ligand like sulfoxide to coordinate the Fe(lll)
via oxygen. Furthermore, a Cambridge Structural Database search
revealed that all sulfoxide complexes with Fe(lll) involved coor-
dination via an oxygen atofhin Hi-DMSO, the coordination via

DMSO molecules to cluster on the BMP surface was also found in sulfur atom could partially be stabilized by hydrophobic interactions

our previous MD simulation$Hi-DMSO has, in contrast to Lo-
DMSO, a DMSO molecule coordinated to S450 by forming

between DMSQO’s methyl group and the phenyl ring of F87.
Interaction between the terminal methyl group of fatty acids with

hydrogen bonding via its oxygen atom to the backbone amide of the phenyl side chain of F87 orients fatty acids for subterminal

S450.

and not terminal hydroxylation by an oxyferryl radical cation

The two monomers in the asymmetric unit of 1BU7 showed large intermediate (compound 1y.Direct coordination of DMSO to the

structural differences in the substrate channel éh@gmpared to

heme iron corresponds well with UWis measurements (Figure

monomer A, monomer B has a more opened substrate binding2) |n phosphate buffer lacking DMSO, a typical low-spin spectrum

channdl which contributes to the high rmsd between both
monomers in 1BU?.In Lo- and Hi-DMSO, we observe high
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(peak 420 nm) is obtained which indicates a water molecule
coordinated to the heme iron as sixth ligand. In 14% (v/v) DMSO,
a mix-spin spectrum (extra shoulder at 390 nm) is observed. When
DMSO concentration is raised further to 30% (v/v), a low-spin

10.1021/ja067036x CCC: $37.00 © 2007 American Chemical Society
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Figure 1. Active sites of Lo-DMSO (top) and Hi-DMSO (bottom). In Lo-
DMSO, H,0239 is displaced aside from the heme iron. In Hi-DMSO, a
DMSO is coordinating to the heme iron via sulfur atom. The orientation of
DMSO is confirmed by anomalous scattering data (shown as red density).
Prepared with DINO (http://www.dino3d.org) and rendered with POVRAY
(http://www.povray.org).
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Figure 2. UV —vis difference spectra of BMP in phosphate buffer (black),
in 14% (v/v) DMSO (red), and in 30% (v/v) DMSO (blue).

spectrum is regained with a DMSO coordinating the heme iron in
Hi-DMSO, causing a reduced activity.

The I-helix (D2506-K282) of BMP contains a number of
catalytically important residues, including AZ64nd T2682 In
the P450 reaction cycle, T268 provides proton for oxygen activa-
tion.’2 Interestingly in Hi-DMSO monomer B, two alternating
conformations can be observed for residues HZBB68. In
monomer A, alternating conformations can be found for T268. The
I-helix in HI-DMSO is bent to a larger degree compared to 1BU7
and Lo-DMSO (see Supporting Information Figure S9; rmsd of
Hi-DMSO vs 1BU7 is 0.85 A, rmsd of Lo-DMSO vs 1BU7 is 0.28

A). Bending of the I-helix in Hi-DMSO could provide additional
space to accommodate a DMSO molecule which is bulkier than a
water molecule.

To our best knowledge, Hi-DMSO represents the first monooxy-
genase crystal structure reported with a direct DMSO sulfur
coordination to the heme iron. This coordination modulates very
likely BM3 activity at high DMSO concentrations. DMSO s,
compared to water, more difficult to be displaced by a substrate
molecule; substrate binding triggers channel closure and is a
prerequisite for catalysis in BM3. DMSO diffusion into the substrate
channel is likely facilitated by the DMSO-induced widening of
substrate channel. Current efforts are devoted to crystallizing W5F5
and F87A. W5F5 is an organic solvent resistant mutant identified
by directed evolutiod.F87 residue modulates BM3 sensitivity for
the cosolvent DMSQ. These investigations will help us to
understand the cosolvent effect and to tailor BM3 for industrially
relevant catalysis in nonaqueous medium.

Coordinates of Lo-DMSO and Hi-DMSO were deposited in PDB,
with entries 2J4S and 2J1M respectively.
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