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Summary

Cytochrome P450BM3 (CYP102A1) from Bacillus megaterium, a fatty acid hydroxylase, is a member of
a very large superfamily of monooxygenase enzymes. The available crystal structures of the enzyme
show non-productive binding of substrates with their m-end distant from the iron in a hydrophobic pocket
at one side of the active site. We have constructed and characterised mutants in which this pocket is filled
by large hydrophobic sidechains replacing alanine at position 82. The mutants having phenylalanine or
tryptophan at this position have very much (~800-fold) greater affinity for substrate, with a greater
conversion of the haem iron to the high-spin state, and similarly increased catalytic efficiency. The
enzyme as isolated contains bound palmitate, reflecting this much higher affinity. We have determined
the crystal structure of the haem domain of the Ala82Phe mutant with bound palmitate; this shows that
the substrate is binding differently from the wild-type enzyme but still distant from the haem iron.
Detailed analysis of the structure indicates that the tighter binding in the mutant reflects a shift in the
conformational equilibrium of the substrate-free enzyme towards the conformation seen in the substrate
complex rather than differences in the enzyme-substrate interactions. On this basis, we outline a sequence
of events for the initial stages of the catalytic cycle. The Ala82Phe and Ala82Trp mutants are also very
much more effective catalysts of indole hydroxylation than the wild-type enzyme, suggesting that they
will be valuable starting points for the design of mutants to catalyse synthetically useful hydroxylation

reactions.
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INTRODUCTION

Cytochromes P450 are a superfamily, currently numbering more than 6000, of haem-thiolate mono-
oxygenase enzymes, found in almost all forms of life, which catalyse the activation of molecular oxygen'
and the addition of an atom of oxygen to their substrate.” There is considerable sequence diversity within
the superfamily; those members whose structures have been determined share a common overall fold,
while differing markedly in their active site architecture, leading to very diverse substrate specificity.
Members of the superfamily include both enzymes of high specificity involved in the biosynthesis of, for

3439 "and polyketide antibiotics,* and

example, steroids (in mammals, insects, plants, fungi and bacteria
also ‘de-toxifying’ enzymes, including the well-known mammalian drug-metabolising P450s,” which
have a broad substrate specificity, allowing them to metabolise a very wide range of compounds.

The bacterial cytochromes P450 CYP101 (P450cam) from Pseudomonas putida and CYP102A1
(P450BM3) from Bacillus megaterium have been extensively studied structurally and mechanistically.”*
? They have also been used as the starting point for the construction of mutants with altered specificity
for use in chemical synthesis, where the ability of P450s to insert an oxygen atom into an unactivated
C-H bond has potentially valuable applications. P450BM3, identified as a fatty acid hydroxylase,'" ' is a
119kDa polypeptide which contains a P450 domain and a diflavin NADPH-cytochrome P450 reductase
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domain

similar to that in the mammalian drug-metabolising mono-oxygenase system. Unlike most
P450s, therefore, which require additional electron transfer proteins, PAS0BM3 is catalytically self-
sufficient. Perhaps because of this, P450BM3 also has the highest catalytic activity of any P450 mono-
oxygenase identified to date.

P450BM3 catalyses the hydroxylation of C12-C16 saturated fatty acids at the (o-1), (»-2) and (®-
3) positions.'” ' The crystal structure of the substrate-free form of the haem domain'® reveals a long
hydrophobic active site channel extending from the protein surface, where there are charged residues
suitable for binding a carboxylate group, to the haem iron — a structure entirely consistent with the
observed fatty acid hydroxylase activity. The crystal contains two molecules in the asymmetric unit, one
with an open substrate access channel and one where it is slightly more ‘closed’; the two molecules have
different intermolecular contacts in the crystal, and it seems likely that in solution there is a dynamic

equilibrium between these and perhaps additional conformations of the access channel.” In the crystal

structures of the protein bound to the substrates palmitoleic acid'* and N-palmitoylglycine' the protein is
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seen to have undergone a significant conformational change involving a displacement of the F and G
helices. Studies of the A264E mutant have provided evidence to support the idea that these ‘substrate-
free’ and ‘substrate-bound’ conformations, which are quite distinct from the ‘open’ and ‘closed’
structures seen in the crystal structure of the free enzyme, coexist in equilibrium in solution in the
absence of substrate.'® However, in none of the available structures of substrate complexes is the fatty
acid bound with the (®»-1), (»-2) and/or (®-3) carbons positioned close to the iron in a position for
hydroxylation. Instead, the ‘@ end’ of the fatty acid becomes sequestered in a hydrophobic pocket
between phenylalanines 81 and 87, created by rotation of the aromatic ring of phenylalanine 87 by ~90°
and a rearrangement of nearby side-chains (notably isoleucine 263 and leucine 437), with its terminal
methyl group in contact with alanine 82. In this position, the ® to ®-6 carbons of the fatty acid are all
between 7.5A and 10A from the iron centre, too distant for hydroxylation. (Binding of substrates remote
from the haem has also been observed in crystal structures of a number of eukaryotic P450s, e.g. ' '% 1))
All the available crystal structures of P450 BM3 thus represent inactive states of the enzyme-substrate

K,2% 21222 where the natural

complexes. This is in sharp contrast to P450cam, P450eryF and P450epo
substrates are bound such that the sites of hydroxylation are positioned within 5A of the iron, and little or
no rearrangement is observed relative to the substrate-free form. NMR relaxation experiments™
suggested that laurate and 12-bromo-laurate bind to P450BM3 in solution at room temperature in a
similar way to that seen for palmitate in the crystal structures. However, recent evidence from solid-state
NMR for differences in the environment of some active site residues, including Phe81 and Phe87, in the
N-palmitoylglycine complex of P450BM3 between room temperature and —30°C, led to the suggestion,™
26 supported by molecular dynamics simulations,”’ that this may reflect an equilibrium between a low
temperature binding mode which is seen in the crystal, and a different mode of binding at room
temperature. It remains to be established whether the mode of binding seen in the fatty acid—P450BM3
complexes in the crystal is on the catalytic pathway, or whether it represents a ‘dead-end’ complex not
normally populated under physiological conditions.

The existence of a hydrophobic pocket within the active site cavity, but relatively distant from the

iron, also has implications for attempts to engineer the enzyme’s activity towards novel target substrates.

It seems likely that small hydrophobic molecules could preferentially bind in the pocket between



phenylalanines 81 and 87, resulting in non-productive complexes. There have been many reports of
changing the substrate specificity of P450BM3 by substitution of phenylalanine 87 by a smaller residue

7 2829 30: 31 3% 33 3% Quch substitutions would destroy the

such as glycine, alanine or valine (e.g.,
hydrophobic pocket, but would also increase the active site volume, which may result both in reduced
coupling of NADPH consumption to product formation, due to less efficient exclusion of water from the
active site, and in decreased regiospecificity of hydroxylation due to increased mobility of the substrate
within the active site.

We have sought to investigate this issue by filling the hydrophobic pocket rather than destroying it.
This we have done by substitution of alanine 82 by the larger hydrophobic residues isoleucine,
phenylalanine and tryptophan. Examination of the structure suggests that these substitutions should
exclude progressively larger volumes of the hydrophobic pocket and, in the case of the aromatic
substitutions, perhaps fill it altogether. The mutants A82F and A82W are observed to bind fatty acids
orders of magnitude more tightly compared to the wild type, and to show substantially increased catalytic
efficiency. In addition, these mutants are found to be effective catalysts of the oxidation of indole,

resulting in formation of indigo, suggesting that they may exhibit generally improved activity towards

small molecules.

RESULTS AND DISCUSSION

As shown in Figure 1A, in the crystal structures of substrate complexes of P450 BM3 the fatty acid chain
binds in a hydrophobic pocket between phenylalanines 81 and 87, with the terminal methyl group in
contact with Ala82. We have examined the substitution of Ala82 by a range of other residues. As shown
in Figures 1B-D, this predicts that substitution by isoleucine, phenylalanine and tryptophan would be
expected to fill progressively more of the pocket; the phenylalanine and tryptophan substitutions in
particular would lead to a substantial predicted overlap with the end of the fatty acid chain, suggesting
that they would prevent the binding of the fatty acid in the mode seen in the crystal structures. We

therefore made and characterised the A82I, A82F and A82W mutants.



Fatty acid binding

Unlike the wild-type enzyme and the A82I mutant, the A82F and A82W mutants as purified were in a
predominantly high spin state, suggesting tight binding of a substrate-like molecule, presumably an
endogenous fatty acid from the E. coli host cells. This could not be removed by extensive dialysis or by
gel filtration. However, treatment of the purified protein with a small excess of NADPH, followed by
buffer exchange using extensive ultrafiltration to remove reaction products, resulted in conversion to a
predominantly low spin form. Final preparations of the A82F and A82W mutants contained 20% and
25% high spin haem respectively.

In line with these qualitative observations, marked differences in fatty acid binding were observed
between the wild-type enzyme and the A821 mutant on the one hand, and the A82F and A82W mutants
on the other (Figure 2, Table 1). Wild-type and A82I enzymes exhibited K4 values of approximately 250
uM for laurate, with approximately 50% conversion to high-spin haem, whereas the A82F and A82W
mutants bound this substrate 600- to 800-fold more tightly, with K4 values of approximately 0.4 uM and
>90% conversion to high spin. We attempted to study the kinetics of binding of laurate to the enzyme by
stopped-flow methods, following the changes in the UV/visible absorption. However, in line with an
earlier report on the wild-type enzyme,” the observed rate was too fast (> 800 s') for accurate
determination by stopped-flow for either the wild-type or the A82F mutant.

In the case of palmitate, both wild-type and the mutant enzymes bound the substrate tightly and
with substantial conversion to high spin haem (Table 1), but noticeable differences were again observed
between wild-type and A82I on the one hand, and the A82F and A82W mutants on the other. Palmitate
binding to A82F and A82W was too tight to determine by this method (K4 <0.1 pM) and was
accompanied by complete conversion to high spin haem; in comparison wild-type and A821 gave
between 85% and 90% high spin. The evidence that the endogenous fatty acid bound to the A82F
enzyme as isolated is palmitate (see below) suggests that this substrate has a dissociation constant orders
of magnitude below 0.1 pM, since it cannot be removed by dialysis. These data thus demonstrate that
replacing Ala82 by larger, rigid sidechains leads to a marked increase in the affinity of the enzyme for
fatty acids and also in the degree of conversion from low spin to high spin iron. By contrast, the

substitution with the larger but more flexible isoleucine sidechain has essentially no effect.



Catalytic activity towards laurate

The rates of NADPH consumption were measured for the mutant and wild-type enzymes with laurate as
substrate; the catalytic activity against palmitate could not be estimated for either mutant or wild-type,
since the rate was too fast to be measured in the standard assay and the protein concentration could not be
lowered any further without dissociation of the catalytically functional dimer.’® The tighter binding of
fatty acids to the A82F and A82W mutants was reflected in decreased Ky, values, while turnover rates
were similar for all the mutants (Table 1). Assuming that Ky, ~ K4 for A82F and A82W as for wild-type
and AS82I, the combination of much tighter binding with unchanged turnover numbers leads to a much
greater catalytic efficiency (k../Ky) of the two mutants with aromatic side-chains at position 82,
estimated as 8 x 10’ M's” (A82F) and 1 x 10°* M's™ (A82W) as compared to 1 x 10° M's™" for the
wild-type enzyme.

The products formed from the actions of the wild-type and mutant enzymes on laurate were
identified by NMR spectroscopy; all of the mutants gave a mixture of (®-1), (»-2) and (®-3) products,
with only small differences in product distribution. A82F and AS82I appeared to favour (w-2)
hydroxylation compared to wild-type, whilst A82W gave a slightly higher proportion of (®-1)
hydroxylated product (Figure 3).

The A82W mutant exhibited relatively poor coupling of NADPH consumption to product
formation, as demonstrated by the significant amount of unmetabolised laurate remaining in the reaction
mixture (Figure 3). Comparison of integrated peak areas allowed an estimate of approximately 45%
coupling, whereas the other mutants gave much higher coupling efficiencies, estimated to be >90% in all
cases. A82W was also notably less stable than the other mutants, being inactivated after an average of
~1000 turnovers per enzyme molecule. In view of the relatively poor coupling, this mutant may be
inactivated by generation of reactive oxygen species such as peroxide; addition of catalase to the
reactions did indeed increase the lifetime of the protein, although it did not afford complete protection of
activity, suggesting that that A82W may be inactivated by active oxygen species generated at the iron
before they can diffuse out of the active site.

Both the A82F and the A82W mutants showed significantly higher rates of NADPH consumption

in the absence of substrate than did the wild-type or A82I enzymes (wild-type 0.14 s, A821 0.19 s,



A82F 2.6 5!, A82W 5.6 s); this is most likely to reflect the fact that, as noted above, these two mutants

exist to a significant extent in the high-spin state in the absence of substrate.

Crystal structure of the fatty acid complex of P450BM3 A82F

In order to provide structural explanations for the marked differences in properties of the A82F and
A82W mutants as compared to the wild-type enzyme, we determined the crystal structure of the haem
domain of P450BM3 A82F. To date all crystallographic studies of P450BM3 have involved the haem
domain of the enzyme rather than the intact enzyme, in which the flexibility of the two domains may
inhibit crystallisation. We therefore expressed and purified the haem domain of the A82F mutant. As
with the full-length protein, the A82F haem domain was isolated in a high spin form, suggesting again
that a substrate-like molecule was bound; this could not be removed either by gel filtration or extensive
dialysis (nor, in the absence of the reductase domain, by NADPH-supported catalytic turnover). Its
identity was established by extracting a protein sample with dichloromethane, and analysis of the
resultant solution by liquid chromatography—mass spectroscopy. The dominant component was identified
as palmitic acid, with m/z = 255 and an identical retention time to an authentic standard; spiking the
sample with authentic standard confirmed the identification. The presence of this fatty acid in the active
site of A82F is unsurprising; as described above, palmitate binds extremely tightly to the full-length
protein, and it has been identified as one of the three major fatty acids in the E. coli host cells.”’

Since the palmitate could not be removed, we crystallized the substrate complex of the haem
domain using conditions similar to those previously reported.'® Crystals were obtained in the P2,2,2,
space group, and diffracted to 2.8A resolution; in contrast to previous P450BM3 crystals, six chains were
identified in the asymmetric unit. The structure was solved by molecular replacement, using the wild-
type N-palmitoylglycine-bound structure (PDB 1JPZ) as a search model. Strong electron density was
observed in the active site indicating the presence of bound fatty acid, and the structure was therefore
refined with palmitate modelled in this position; the extent of the electron density was entirely consistent
with the identification of the bound fatty acid as palmitate. The final model shows well-defined electron
density for both the substrate and active site residues, including the phenylalanine side-chain at position

82.



As can be seen in Figure 4A, the structure of the A82F mutant is very similar to that of the wild-
type haem domain complexed with N-palmitoylglycine (PDB 1JPZ), and also to the palmitoleic acid
complex (PDB 1FAG). The six chains in the unit cell all adopt essentially the same conformation, with
pairwise RMSD values between 0.49 and 0.83A; the differences between them are confined mainly to
loop regions and surface side chains, particularly to regions which are known to move on substrate
binding, including the A helix, the Bl region and the F-G loop. There are however some noticeable
differences in the binding of the substrate between the different chains in the crystal; these are discussed
below.

The replacement of the small aliphatic side chain of A82 with the bulky aromatic side chain of
phenylalanine in the mutant is readily accommodated with minimal changes to the protein structure
compared to the two reported substrate complexes of the wild-type enzyme (RMSD < 0.74A; Figure 4A).
The ring of Phe82 fits between Phe81 and Phe87, and as predicted fills the hydrophobic pocket into
which the fatty acid terminus binds in the wild-type structures (Figure 4B). This changes the shape of the
substrate binding channel and reduces its overall length, forcing the substrate to adopt a different binding
position, with the carboxylate group closer to the protein surface (Figure 4C). This apparently results in
disruption of a hydrogen bond normally formed between the substrate carboxylate group and tyrosine 51.
Perhaps as a result of this, there are distinct differences in the binding position of the substrate between
the six chains in the unit cell. This is in sharp contrast to the wild type structures, where the four chains in
1FAG and the two chains in 1JPZ each exhibit almost identical substrate binding modes. In A82F, the
greatest difference in substrate binding position is between chains E and F, with a 2.5A shift in the
location of the carboxylate group between these two; the carboxylate is also between 2 and 4A closer to
the surface than is that of palmitoleic acid in the wild type complex. The considerable conformational
flexibility of the sidechain of arginine 47 appears to help compensate for the repositioning of the
carboxylate group between the various structures.

The ‘filling in’ of the hydrophobic pocket in the substrate binding channel by the A82F mutation
results in a significant displacement of the fatty acid (®»-1) to (®-3) carbons, which are the sites of
metabolism, from their positions in the wild-type structures. The terminal methyl group of the substrate
now points towards the side-chain of E267, some 4-6A (depending on which chain is compared) away
from its location adjacent to A82 in the wild type structure (Figure 4C). The key amino-acid residues in
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the binding site adopt essentially identical positions to those in the N-palmitoylglycine complex of the
wild-type enzyme (Figure 4C). Notwithstanding the fact that the binding position of the substrate has
changed, there is virtually no change in the regiospecificity of hydroxylation.

In the structure of the complex of the wild-type enzyme with N-palmitoyl-glycine (1JPZ"), there
is no water molecule coordinated to the iron (consistent with a high-spin complex), but there is an
ordered water molecule positioned close to the iron and hydrogen bonded to A264 and T268. In the
palmitoleic acid complex (1IFAG'), there are no water molecules in the PDB file, but a similarly located
water molecule is seen in the electron density map for two of the four chains. This water molecule was
identified by Haines et al."” as potentially crucial to the mechanism of proton transfer in P450BM3.
However, in the crystal structure of the palmitate complex of the A82F mutant there is electron density
corresponding to this water molecule only in one of the six chains (chain D) (Figure 4B and
Supplementary Material). It is not clear why this should be so, since there is space for this water in the
structure and the potentially hydrogen bonding residues are in the same place; it may be that the altered
position of the terminal methyl group of the substrate makes this location more hydrophobic and thus
water binding weaker. In any case, the absence of this water in the structure of the A82F mutant, which
has a greater catalytic efficiency than the wild-type enzyme, raises questions about the mechanistic
importance of a tightly bound water molecule near the iron. There is no doubt that it is essential for a
water molecule to have access to this region of the active site close to the haem, and probably to be
oriented by hydrogen-bonding to T268*, in order to participate in essential proton transfers, but it may
not be necessary for it to be tightly bound in the oxidised form of the complex.

All available crystal structures of substrate complexes of P450BM3 clearly represent inactive
states of the enzyme-substrate complex. Unlike in other structures such as P450cam where substrate is

20:21:3% i the complexes of wild-type or

bound with the position of metabolism close to the iron centre,
the A264E mutant of P450BM3 with palmitoleic acid'® '® or of wild-type enzyme with N-palmitoyl-
glycine'” the fatty acid is bound distantly from the iron. Similarly in the structure of the palmitate
complex of the A82F mutant the fatty acid binds towards the ‘roof” of the active site pocket (Figure
4B,C), and the distances from the iron centre to the (®-1)—(®-3) carbons, while somewhat shorter than in
the wild-type complexes, are still between 7 and 9 A, suggesting that, as in the wild type, the crystal

structure obtained represents an unproductive mode of substrate binding. For none of the structures of
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P450BM3 is there unambiguous evidence that the crystals are catalytically active; widespread attempts to
reduce the enzyme in the crystal have met with failure due to crystal cracking. However, since very
similar structures of the enzyme-substrate complex are obtained for different substrates, for wild-type and
mutant enzyme and in different space groups, it seems likely that these structures do represent relevant
complexes. Thus it appears that, at some point in the catalytic cycle after the initial substrate binding,
both wild-type and A82F P450BM3 must rearrange to conformations where the fatty acid substrate binds
closer to the iron. Indeed previous work in our laboratory using paramagnetic relaxation experiments has
suggested that substrates may move by as much as 6A on reduction of the iron centre in the wild type
protein.*” The very similar product distributions in wild-type and A82F suggest that in this ‘rearranged’
conformation the substrate has a similar orientation in both wild-type and mutant complexes.
MacDermott et al.*> ** ?” have linked this requirement for a movement of the substrate into a
‘catalytic’ position to the equilibrium between low-spin and high-spin states of the complex,
corresponding to six-coordinate (with an axial water ligand) and five-coordinate states of the haem iron.
Noting the fact that the low-spin — high-spin equilibrium is clearly temperature dependent in the wild-
type enzyme,”® they have suggested that the crystal structure of the N-palmitoyl-glycine complex, in
which the substrate is bound in a ‘distantly bound’ position, corresponds to a low-spin state. As discussed
above, in this complex there is a water molecule very close to the iron;'> however the distance and angle
between the water and the iron, along with the lack of any bonding electron density between them, are
more consistent with the original assignment of the crystal structure as a high spin complex. MacDermott

et al 26; 27

suggest that at room temperature, where the complex is in the high-spin state and where
catalytic activity is observed, the substrate has moved close to the iron. It is clear from the available
structures that the aromatic ring of phenylalanine 87 appears to form a ‘barrier’ between the substrate in
its ‘distantly bound’ position and the haem iron, and they propose that rotation of this ring is a key
feature of the room temperature high-spin complex.”®?’

In the light of this evidence for a temperature dependence of the low-spin — high-spin equilibrium
and perhaps of the mode of substrate binding, we examined the UV/visible spectra of the palmitate
complexes of the wild-type and mutant enzymes as a function of temperature between 4°C and 30°C

(Figure 5). The wild-type enzyme and the A82I mutant showed significant shifts to low-spin as the

temperature was decreased, reaching an estimated 50% low-spin at 4°C for wild-type and 70% low-spin
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for A82I; however, in marked contrast there was no significant temperature dependence of the spectra for
the A82F or A82W mutants, which remained completely high-spin at all temperatures examined. Taken
together with the absence of a water molecule near the haem iron in the crystal structure, this strongly
suggests that the palmitate complex of the A82F mutant is high-spin both in the crystal and in solution,
and hence that the movement of the substrate into the ‘catalytic’ position is not coupled to the spin-state
change; rather, a complete spin-state change can occur with the substrate in the ‘distantly bound’

position.

Structural origin of the tighter fatty acid binding

Experimentally we observe that fatty acids bind ~1000-fold more tightly to A82F than to the wild-type
enzyme. However, the crystal structure of the palmitate complex offers no clear-cut explanation for this.
Indeed the position of the fatty acid appears less ordered than in the wild-type, presumably due to
disruption of the hydrogen bond normally formed between the carboxylate and tyrosine 51, and this
would be expected to result in weaker binding. Substitution of alanine 82 with the larger phenylalanine
residue is likely to exclude water more efficiently from the complex, resulting in somewhat tighter
binding due to hydrophobic effects, but it seems unlikely that this effect would be sufficient to explain
the magnitude of the observed decrease in Ky; experiments using camphor derivatives designed to fill in
‘holes’ in the protein-substrate complex of P450cam resulted in much more modest increases in binding
affinity.*'

Since comparison of the substrate-bound structures provides no clear-cut explanation for the
tighter binding to the A82F mutant, we need to consider in more detail the complete substrate binding
process, and in particular the conformational change which occurs on substrate binding to wild-type
P450BM3 '* ', Examination of the crystal structure of the substrate-free wild-type enzyme shows that
alanine 82 is surrounded closely by phenylalanines 81 and 87 and isoleucine 263, such that there appears
to be insufficient space to tolerate the substitution to phenylalanine (Figure 6). In the structure of the
substrate complexes of the wild-type enzyme, the alkyl chain of the fatty acid displaces the side chains of
isoleucine 263 and leucine 437, rotating them towards the F and G helices, and directly resulting in the
repacking and displacement of this structural unit; the F helix is displaced about half a turn along its

length, and by about two-thirds of its width laterally, between the two conformations. As noted above,
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the structure of the palmitate complex of the A82F mutant is very similar to that of the substrate
complexes of the wild-type enzyme, and this is specifically true of this region of the structure and of
[le263. Examination of these structures suggests that the bulky side-chain of phenylalanine 82 itself
would induce the same conformational change in isoleucine 263 (and hence in the F and G helices) in the
absence of the substrate (Figure 6). The structural evidence thus indicates that, in the absence of
substrate, P450BM3 A82F would adopt a conformation closely resembling the substrate-bound form (as
observed for the A264E mutant'®). The substantial increase in binding affinity for fatty acids observed as
a result of the substitution of Ala82 by phenylalanine would thus arise not from any change in
interactions between the substrate and the enzyme as a result of the mutation, but rather from a shift in
the conformational equilibrium in the free enzyme. By contrast, examination of the structure indicates
that substitution of alanine 82 by isoleucine can be accommodated in the substrate-free conformation and
would not perturb the conformational equilibrium; this would be consistent with the observation that the

A82I mutant resembles the wild-type in many of its properties.

The substrate binding process

Combining the information from the present work with that already available from structural,
spectroscopic and simulation studies allows us to postulate a sequence of events for the early stages of
the catalytic cycle of P450BM3. First, we suppose that the free enzyme exists in an equilibrium between
two conformations, corresponding to the ‘substrate-free’ and ‘substrate-bound’ conformations. The
substrate binds preferentially to the ‘substrate-bound’ conformation; the data for the A82F and A82W
mutants suggest that this preference must be several hundred-fold, although there is insufficient
information available to provide a precise value. In this initial complex, the substrate is ‘distantly bound’,
with the (o-1) to (w-3) carbons 7-9A from the iron. In spite of this, the spin state equilibrium is shifted
over towards the high-spin state — almost completely in the case of palmitate binding. This spin state shift
is attributed to displacement of the water molecule from the sixth coordination position of the iron. The
substrate itself is clearly too far from the iron to displace the water directly; however, the bound substrate

1415 which would

makes contact with the sidechain of Phe87, leading to a reorientation of this sidechain
in turn displace the water. There is space for the displaced water to remain within the active site, where it

is likely to play a role in proton transfers, but from the structure of the A82F complex it appears that tight
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binding of the displaced water is not essential. If the low-spin — high-spin transition arises from the
rotation of Phe87, what is it that prevents this from occurring in the absence of substrate? In the
‘substrate-free’ conformation of the enzyme, Leu437 extends into the active site and approaches Phe87
quite closely; its two methyl groups appear to lock the ring of Phe87 in the ‘vertical’ position, preventing
it from displacing water, and keeping the iron low-spin. Substrate binding and the conversion to the
‘substrate bound’ conformation displaces Leu437 significantly away from Phe87, such that the ring can
now rotate and displace the water ligand from the iron. In the A82F and A82W mutants, the substitution
itself leads to displacement of 11e263 and hence Leu437, and allows rotation of Phe87; as a result, for
both these mutants there is a significantly larger proportion of high-spin iron in the absence of substrate
(20-25%), together with a greater ‘leak rate’ of NADPH consumption in the absence of substrate.

The next step in the catalytic cycle is the essential movement of the substrate into a position closer
to the iron, appropriate for hydroxylation, and again Phe87 appears to play a key role. Examination of the
structure suggests that this residue forms a ‘barrier’ to this movement, and support for this comes from
studies of isotope effects on the hydroxylation of small substrates by wild-type P450BM3 and the F87A
mutant.” Molecular dynamics simulations provide evidence for the coupling of the movement of the
substrate and the movement of the sidechain of Phe87.*” This central role for Phe87 is consistent with a
number of reports of substantial effects of mutation of this residue on substrate specificity (e.g. 2*3"3% 3

). Further work aimed at providing support for this postulated sequence of events is in progress.

Oxidation of indole by A82 mutants

Unlike the wild type enzyme or the A82I mutant, cells expressing PAS0BM3 A82F or P450BM3 A82W
were observed to produce an insoluble blue dye during normal growth. This has been previously
observed with certain human P450 isoforms, notably CYP2A6** * and with the F87V mutant of
P450BM3*, and attributed to the formation of indigo by oxidation of indole either present in the growth
medium or endogenous to the E. coli host cells. The simple colorimetric nature of this phenomenon has
also led to its use in screening libraries of random mutants to identify variants of PAS0BM3 and CYP2A6
with enhanced indole hydroxylation activity.*® ¥ Wild-type P450BM3 has been reported to produce

detectable amounts of indigo only at high pH in a reaction driven by cumene hydroperoxide rather than
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NADPH*. We therefore investigated further the interaction of the purified A82 mutant enzymes with
indole.

The binding of indole to wild-type and mutant PA50BM3 gave type I spectral changes in the haem
Sorét UV/visible absorbance, with a decrease in absorbance at 420 nm and an increase at 390 nm,
indicative of displacement of the axial water ligand from the haem iron and conversion to the high spin
state (Figure 7). For the wild-type enzyme and the A82] mutant, plots of A(Ajzg-A4z) VS. indole
concentration demonstrated weak binding, with estimated apparent dissociation constants of ~10 mM or
greater; accurate values could not be obtained due to the limited solubility of indole. By contrast, the
A82F and A82W mutants, which also gave typical type I substrate binding spectra at indole
concentrations < 10 mM, clearly bind indole much more tightly. Data in the concentration range up to 8
mM indole were best fitted by a two-site binding model, with apparent K4 values for the tight binding site
of ~0.1 uM, similar to the concentration of protein used in the experiment, and K4 values for the second
site ~1000-fold higher (Table 2). Even the weaker site shows indole binding at least 35- to 65-fold tighter
than that observed for wild-type enzyme. The two sites contributed approximately equally to the final
overall absorbance change, and the magnitude of this change showed that the total spin-state changes on
indole binding were substantial, approximately 80% for A82W and 95% for A82F, indicating efficient
displacement of the axial water ligand from the haem iron. On addition of high concentrations (~18 mM)
of indole to the A82F or A82W mutants a further spectral change was observed (Figure 7), with a shift in
the Sorét peak to 424 nm to give a Type II binding spectrum, typical of inhibitor complexes involving
direct nitrogen coordination to the haem iron, suggesting the weak binding directly to the haem iron. The
substitution of alanine 82 by larger, rigid sidechains in the A82F and A82W mutants thus leads to a very
marked increase in affinity of the enzyme for indole. Studies of indole turnover demonstrate that this is
accompanied by a substantial increase in catalytic efficiency.

Indole hydroxylation by P450 enzymes generally gives rise to a complex mixture of soluble and

insoluble products* *

(see Supplementary Material). Initial hydroxylation may take place at either the 2-
position to give oxindole, or at the 3-position to give the rather unstable indoxyl, which dimerises
through a non-enzymatic pathway to give the insoluble dye indigo. In addition, indoxyl may be further
oxidised, most probably non-enzymatically, to isatin, which can then form a heterodimer with indoxyl to

generate the insoluble dye indirubin. The soluble and insoluble products from the action of wild-type and
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mutant P450BM3 on indole were separated by centrifugation. The soluble compounds were characterised
by HPLC, while the water-insoluble dyes were redissolved in DMSO and analysed by TLC, optical
spectroscopy and 'H-NMR; details of the analyses are given in the Supplementary Information. The
predominant soluble product was oxindole, with trace quantities of isatin, while the major water-
insoluble product was indigo, with only a small amount of indirubin.

For wild-type enzyme and the A82I mutant, plots of the rate of NADPH consumption vs. indole
concentration did not show complete saturation by 18 mM indole, consistent with the low affinity for
indole indicated by the optical titration experiments. The data were best fitted by the Hill equation
(modified to account for the non-zero rate of NADPH consumption in the absence of substrate), leading
to estimated Hill coefficients of 1.7 in both cases. The kinetic parameters for the wild-type enzyme
(Table 2) are in agreement with those published previously.” For the A82F and A82W mutants an
increase in NADPH consumption rate with increasing indole concentration was observed at
concentrations up to approximately 8 mM, above which marked inhibition occurred. This is consistent
with the optical binding studies, which demonstrate formation of a type II complex at these
concentrations, typical of inhibitor binding. Estimating the kinetic parameters from the data at indole
concentrations below 8 mM, it is clear that the Ky values are lower (by a factor of 4.7 for A82F and 81
for A82W) and the V,,,x values higher, by a factor of 6, for A82F and A82W than for the wild-type; in
addition, for these mutants the Hill coefficient is not significantly different from one (Table 2). Little
increase in the NADPH consumption rate over that observed in the absence of substrate was observed at
low indole concentrations, suggesting at most a modest contribution to the turnover rates by the very
tight indole binding site observed by optical titration.

The coupling of product formation to NADPH consumption in the hydroxylation of indole was
determined by measuring the formation of oxindole and indigo in reaction mixtures containing 8§ mM
indole and 200 uM NADPH; by ignoring the small amounts of isatin and indirubin formed, this will
slightly underestimate the degree of coupling. As shown in Table 4, very little product was generated by
wild-type enzyme or the A821 mutant, and the coupling was very poor. The substitution of Ala82 by
phenylalanine or tryptophan, on the other hand, led to marked increases in the coupling of product
formation to NADPH consumption, and to a 170-fold increase in the rate of product formation. Taken
together with the >25-fold increase in k../Ky values estimated from the measurements of NADPH
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turnover, it is clear that the A82F and A82W substitutions lead to a substantial increase in the efficiency

of indole hydroxylation by the enzyme.

CONCLUSIONS

Cytochrome P450BM3 is well-known to catalyse the hydroxylation of C12-C16 saturated fatty acids at
the (w-1), (©-2) and (®-3) positions.'” ' However, one of the continuing puzzles with regard to this
enzyme is the fact that in none of the available structures of substrate complexes is the fatty acid bound
with these carbons positioned close enough to the iron for hydroxylation. Instead, the ‘@ end’ of the fatty
acid becomes sequestered in a hydrophobic pocket between phenylalanines 81 and 87, with the carbons
which are hydroxylated all between 7.5 A and 10 A from the iron centre, clearly too distant for
hydroxylation. This is in contrast to enzymes such as P450cam and P450eryF,%" 2" > where the natural
substrates are bound in such a way that the sites of hydroxylation are positioned within 5A of the iron. In
an attempt to understand the significance of this hydrophobic pocket in substrate binding, we have made
a series of mutants at alanine 82 in which the pocket is predicted to be filled by hydrophobic sidechains
in such a way as to prevent the binding of fatty acids in the way seen in structures of the wild-type
enzyme. The structure of the A82F mutant in its complex with palmitate showed that the pocket had
indeed been filled by the sidechain of Phe82 and the mode of binding of the fatty acid had indeed
changed. However, rather than finding that the  end of the fatty acid was now binding closer to the iron,
we observed a shift in the position of the fatty acid towards the surface of the protein so that the (w-1),
(0-2) and (®-3) carbons remained 7-9A from the iron. This clearly indicates that this ‘distant’ binding
position does not result simply from the availability of the hydrophobic pocket between Phe81 and
Phe87.

Nonetheless, the A82F and A82W mutants, in which this pocket has been filled with large rigid
sidechains, showed a remarkable increase in affinity for fatty acids — to the extent that endogenous
palmitate could not be removed by extensive dialysis — and in catalytic efficiency. It is unusual for a
simple single-site substitution to lead to such a marked (~800-fold) increase in substrate affinity, but

detailed comparison of the mutant and wild-type complexes did not reveal any differences in the enzyme-
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substrate interactions which are likely to account for this. The most likely explanation is that the
substitution of the large sidechains at position 82 favours the ‘substrate-bound’ conformation, seen in the
complexes with palmitoleate and N-palmitoyl-glycine and in the substrate-free A264E mutant, over the
‘substrate-free’ conformation, due to interactions of Phe82 or Trp82 with Ile263, leading in turn to

movements of the F and G helices. As discussed by Joyce et al.,'

the free enzyme may exist in an
equilibrium between these two conformations. By changing the position of this equilibrium in the
absence of substrate, the mutations will decrease the proportion of the binding energy used up in shifting
the equilibrium on substrate binding, leading to a net increase in affinity.

The observation of the formation of a blue pigment by cells expressing the A82F or A82W
mutants of PA5S0BM3 was the first indication that these mutants might be able efficiently to hydroxylate
indole, with the formation of indigo, and this was unambiguously confirmed by studies of the isolated
enzymes. The data suggest that, whilst both wild-type and A82I can bind indole, albeit weakly, it adopts
a predominantly unproductive binding mode in the active sites of these proteins, since the amount of
product formed is so low. It is possible that a significant proportion of the indole bound to these enzymes
is located in the hydrophobic pocket bordered by Phe81, Phe87 and residue 82. In the mutants in which
this pocket is filled by a larger sidechain at position 82, the efficiency of hydroxylation of indole is
markedly increased, due both to increased k.,/Ky values and to increased coupling between NADPH
consumption and product formation. The evidence suggests that indole binding to P450BM3 is
complicated, involving the binding of several indole molecules in catalytically productive, non-
productive and inhibitory positions; there is other evidence for the simultaneous binding of more than
one substrate molecule to P450BM3 and its mutants.** *° Notwithstanding these complications, the A82F
and A82W mutants are clearly much more effective catalysts of indole hydroxylation than is the wild-
type enzyme. There are two possible contributions to this improved catalytic efficiency. First, the
substitution will lead to the removal of the potential non-productive binding site in the hydrophobic
pocket; simple docking calculations (Figure 8) do indeed suggest that the preferred binding site for indole
in the wild-type enzyme is the hydrophobic pocket, while in the A82F mutant it prefers to bind much
closer to the haem, with the 2- and 3-positions closest to the iron, in position for hydroxylation.
Secondly, if, as suggested above, the mutation leads to a shift in the conformational equilibrium of the

enzyme, this will increase the affinity for indole and in addition, with its effect on the environment of
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Phe87, will promote conversion to the high-spin state and hence the rate of electron transfer. Whichever
is the more important contribution, the present results suggest that these mutants are not only very
efficient fatty acid hydroxylases but also efficient hydroxylases of small hydrophobic molecules and

51;52

hence may be useful biocatalysts in organic synthesis and perhaps in the biodegradation of polycyclic

aromatic hydrocarbons.” **

MATERIALS AND METHODS

Materials

The QuikChange XL mutagenesis kit was obtained from Stratagene, UK, and oligonucleotide primers
from the Protein and Nucleic Acid Chemistry Laboratory, University of Leicester, UK. Restriction
enzymes were obtained from New England Biolabs. Chromatography columns and media from were
obtained from Amersham Biosciences, Complete™ Protease inhibitors from Roche and indirubin from
Biomol International LP, UK. All other chemicals, of analytical grade or higher, were from Sigma

Aldrich UK Ltd.
Site-directed Mutagenesis

Wild-type and mutant proteins were expressed using the plasmid pGLWBM3, encoding full-length
P450BM3, which was a kind gift of Professor L.-L. Wong, University of Oxford, UK. The plasmid was
modified to incorporate a number of silent restriction sites to facilitate easy recombination of mutants in
regions of the gene corresponding to the various substrate recognition sites, and to allow simple excision
of the region encoding the reductase domain, thus providing a straightforward route to expression of the
haem domain of mutants of interest for structural studies (full details are given in the Supporting
Information). Mutagenesis was carried out using the Stratagene QuikChange XL kit according to the
manufacturer’s instructions. Primers used were as follows (mismatches are underlined):

A821 F: 57-GCTTAAATTTGTACGTGATTTTATCGGAGACGGGTTATTTACAAGC-3”

A821 R: 57-GCTTGTAAATAACCCGTCTCCGATAAAATCACGTACAAATTTAAGC-3”

A82F F: 57-GCTTAAATTTGTACGTGATTTTTTCGGAGACGGGTTATTTACAAGC-3”

A82F R: 57-GCTTGTAAATAACCCGTCTCCGAAAAAATCACGTACAAATTTAAGC-3”
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A82W F: 57-GCTTAAATTTGTACGTGATTTTTGGGGAGACGGGTTATTTACAAGC-3”

A82W R: 57-GCTTGTAAATAACCCGTCTCCCCAAAAATCACGTACAAATTTAAGC-3”

All mutant genes were fully sequenced to confirm the absence of any undesired mutations.
Protein expression and purification

Protein was expressed and purified using a modification of methods previously described;® the full-
length protein and the haem domain were purified in essentially the same way. Briefly, Escherichia coli
IM109 cells harbouring pGLWBM3 were grown in 2xYT medium containing 100 pg/ml ampicillin at
30°C for 6-8 hours to mid-log phase. The growth medium was supplemented by the addition of 0.5 mM
d-aminolaevulinic acid, 25 mM ferric citrate and 1 ml/litre of a saturated solution of riboflavin, and
incubation was continued for 12-16 hours. Cells were harvested by centrifugation, resuspended in Buffer
A (50 mM potassium phosphate, | mM EDTA, 1 mM benzamidine, 1 mM DTT, pH 7.5) supplemented
with Complete™ Protease inhibitors, and stored at -20°C until processed. All of the A82 mutants
expressed well in E. coli, producing levels of polypeptide similar to those seen for the wild-type enzyme.
Cells were lysed by sonication, and the soluble fraction was loaded onto a DEAE-Sepharose Fast-Flow
column pre-equilibrated with Buffer A. The protein was eluted using a gradient of 0-0.5 M KCl in buffer
A, and fractions exhibiting the highest haem content pooled, and concentrated and desalted by
ultrafiltration. This was then loaded onto a HiLoad Q-Sepharose 26/10 HP column pre-equilibrated with
Buffer A, and eluted with a gradient of 0.2-0.5 M KCl in buffer A. Again fractions with the highest haem
content were pooled, and concentrated and desalted by ultrafiltration. Finally, to remove any bound
substrate-like molecules from the full-length enzyme, the protein was treated with 5 molar equivalents of
NADPH for 5 minutes at room temperature, and any products removed by extensive ultrafiltration prior
to storage at -20 °C. Purification led to protein of >90% homogeneity as judged by SDS-PAGE. All of
the mutants exhibited typical P450 spectra on reduction in the presence of carbon monoxide, with

absorbance maxima at 448 nm and minimal (< 5%) formation of P420.
Optical Spectroscopy

UV/Visible spectroscopy was carried out using a Cary 300 Bio UV/visible spectrophotometer equipped
with a Peltier temperature control unit and Cary WinUV software. All experiments were conducted in
buffer containing 50 mM potassium phosphate, pH 8.0, at 30°C unless otherwise stated. Optical titrations
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were conducted by measuring the absorbance changes of the haem Sorét band on addition of increasing
quantities of ligand to a protein solution containing 0.1-0.5 uM P450 in the sample cuvette, and to buffer
solution in the reference cuvette. The data were corrected for any dilution of the protein during the course
of the experiment, and the change in absorbance difference between 390 nm and 420 nm, A(Asz9p-As),
was plotted against substrate concentration, and dissociation constants were estimated using non-linear
regression using Microcal Origin software, the protein concentration being measured by CO-difference

spectroscopy.5 4
Assay of catalytic activity

NADPH consumption assays were carried out using reaction mixtures containing 0.1-0.5 pM P450 and
varying concentrations of substrates as described. Reactions were initiated by the addition of 200-300
uM NADPH, and the decrease in absorbance at 340 nm monitored. Initial rates were calculated from the
first 20 seconds of the reaction. Apparent Ky values were estimated by plotting initial rate vs.
concentration and fitting with equation 1,

AV .S

(K, +5) "

V=V, +

a modification of the standard Michaelis-Menten equation which allows for a non-zero reaction rate at
zero substrate concentration due to uncoupling reactions. Vo is the rate of NADPH consumption in the
absence of substrate, and AV ,,x the maximal increase in rate at saturating substrate concentrations, such
that the final maximal observed rate is equal to (V, + AVy.). For substrates that showed evidence of
cooperativity, a similarly modified version of the Hill equation was used to estimate maximal rates, the
substrate concentration giving 50% of the maximal rate, Sos, and the Hill coefficient, ny. In view of the
sub-stoichiometric incorporation of haem in some of the mutants, all catalytic rates were normalised to

the haem content measured by CO-difference spectroscopy.™
Analysis of reaction products

The products of fatty acid hydroxylation were analysed by NMR using Bruker AMX500 and AMX600
instruments as described previously.” Reactions were carried out in “H,O buffer, using 200 pM NADPH

and 200 uM laurate such that the concentration of dissolved oxygen (ca. 250 uM) should not be limiting,
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and were initiated by the addition of NADPH. The absorbance at 340 nm was monitored to ensure the
reactions reached completion; NADPH consumption rates in “H,O were found to be approximately 90%
of those in water. Reaction mixtures were transferred to NMR tubes and the "H-NMR spectra measured
directly.

The analysis of the products of indole hydroxylation was carried out separately for the soluble and
insoluble products. HPLC analysis of the water-soluble products of the reactions of indole with
P450BM3 was carried out as described® using an Agilent 1100 series instrument equipped with diode-
array UV/Visible and fluorescence detection, and a Zorbax Reverse Phase SB C-18 4.6 x 250 mm
column (5 um particle size). All products were identified by demonstration of identical retention volumes
to authentic standards, and quantitated by comparison of UV/Visible peak area integrations to known
concentrations of authentic standards. The insoluble products were analysed by thin layer
chromatography as described*® and products identified by comparison to authentic standards of indigo
and indirubin. In addition, the insoluble products from a 1ml reaction containing 1 uM P450BM3, 8 mM
indole and 300 uM NADPH in 50 mM potassium phosphate, pH 8 were redissolved in 600 pl *He-DMSO

and the "H-NMR spectra were recorded.
Crystallography

The A82F haem domain was crystallised by the sitting drop method at 4°C. Sitting drops were prepared
by adding 2.5 ul of precipitant mixture to 2.5 ul of 6 mg/ml haem domain; crystals were obtained by
using a precipitant mixture of 140 mM MgCl,, 25% polyethylene glycol 2000MME and 100 mM MES,
pH 5.0. Crystals were immersed in 10% polyethylene glycol 200 in mother liquor as a cryoprotectant
before being mounted on a rayon loop and flash-cooled in liquid nitrogen. Diffraction data were collected
at the European Synchrotron Radiation facility (Grenoble, France) on ID14-EH3 using an ADSC Q4R
CCD detector. 180° data were collected at 100 K with 1° oscillations. Data were processed and scaled
using MOSFLM™® and SCALA®’. The auto-indexing routines in MOSFLM and examination of
reflections along the principal axes established the space group as P2,2,2; with cell dimensions
a=117.7A b=1479A c¢=184.0A. Molecular replacement calculations were performed with
PHASER1.3,°® ** using a search model based on the substrate-bound wild-type structure (PDB 1JPZ)

edited to remove solvent and substrate molecules. Six molecules were found in the asymmetric unit,
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corresponding to a solvent content of 49%. Initial maps clearly showed positive difference density
corresponding to the phenolic side chain of residue 82 and to bound substrate. REFMACS5 " % was used
to conduct crystallographic refinement and COOT®" was used for manual rebuilding and density
interpretation. The data collection and final refinement parameters are given in Table 4.

Docking calculations

162

The protein-ligand docking was performed using GOLD3.1. without any constraints. The template

protein PDB files used were 1JPZ for the wild-type enzyme and 2UWH for the A82F mutant. The

ligands were then docked into a sphere of radius 15 A around the iron centre of haem.

Accession numbers

The refined coordinates and structure factors have been deposited with the protein databank (PDB

2UWH).
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TABLE 1

Binding and kinetic parameters for fatty acid binding to wild-type and mutant P450BM3

Enzyme Laurate Palmitate
Ke(@M)® | %high | Ky (@M)? | Kea (™ Kg (pM) % high
spin spin
Wild-type 270 (+ 14) 53 265 (+ 19) 28(£1) | 0.14 (£ 0.01) 87
A82I 240 (+ 17) 50 320(£16) | 45(x1) | 0.27(%0.01) 85
A82F 0.34 (+ 0.03) 92 <20 26 (£ 1) <0.1 100
A82W 0.43 (+ 0.04) 93 <20 43 (£ 1) <0.1 100

! From optical titration experiments; see Materials and Methods.

2 From measurements of NADPH consumption; see Materials and Methods.



TABLE 2

Indole binding and turnover by wild-type and mutant cytochrome P450BM3.

Enzyme Indole binding® Indole turnover?
Ka/ Kat K Kwm (MM) Ny AV max (5™)
Wild-type | 11 (=5)mM - 16(£5) | 1.7(£03) | 37409
A82I 13 (= 7) mM - 14(£4) | 1.8(x04) | 55+14

AB2F 0.1 (0.04)uM | 317 (= 91)uM | 3.4(£0.9) | 1.2(£0.2) | 20.8+2.6

A82W | 0.08 (£0.05) uM | 168 (£62)uM | 0.2(£0.1) | 0.6 (x0.1) | 25.9+28

! From optical titration experiments; see Materials and Methods.

2 From measurements of NADPH consumption, fit by the modified Hill equation as described in the ;
Materials and Methods section. Note that AV,... is the increase in the rate of NADPH
consumption on addition of saturating indole concentrations, not the rate of product formation; for

the latter, see Table 3
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TABLE 3
Product formation and NADPH consumption during indole hydroxylation by wild-type

and mutant cytochrome P450BM3

Coupling of product|  Rate of Rate of
Indigo Oxindole
formation to NADPH product
Enzyme formed' | formed'
NADPH consumption | formation®
(uM) (uM)
consumption (%)? (s (s
Wild-type | 2.5(x0.9) | 7 (+0.6) 4 (+1.4) 1.1 0.03
A82I 11 (£2.8) | 12(£0.4) 11 (£2.6) 1.5 0.19
A82F 41 (£8.8) | 34(£2.0) 39 (£9) 16 6.0
A82W 22 (£2.3) | 48(£1.1) 31 (+£8) 23 5.7

! Reaction mixtures contained 1 uM enzyme, 8 mM indole and 300 pM NADPH in 50 mM potassium

phosphate, pH 8.0; products were measured on completion of the reaction. Indigo formation was

estimated from UV/Vis absorbance of insoluble products redissolved in DMSO and oxindole

formation by peak area integration of the HPLC chromatogram of the soluble products; see Materials

and Methods section and Supplementary Information.

? Since one molecule of indigo is formed from two molecules of the precursor product indoxyl (Scheme

1), the percentage coupling is defined as 100 x (([oxindole formed] + 2 x [indigo formed]) / [NADPH

consumed])

¥ Calculated from the NADPH consumption rate and the percentage coupling.
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TABLE 4

Crystallographic statistics

Statistics of Data Collection and Refinement (Values in parentheses refer to the outer bin.)

Space group

P2,22

Cell dimensions

a=116.8A a=90°
b=147.0A B=90°
c=1834A y=90°

Data range (A)

2.80-73.52 (2.80-2.95)

Number of measurements

440872 (57179)

Number of independent reflections

76791 (10567)

Mean ((I)/sd(I)) 10.6 (2.5)
R merge (%) 0.185 (0.638)
Data completeness (%) 98.0 (93.7)
Number of non-hydrogen atoms 23027
Number of water molecules in the 571
asymmetric unit

Number of reflections used in refinement 72833
Ryork 0.22

Rfree 0.30

ESU based on free R value (A) 0.482
RMSD in bond length (A) 0.008
RMSD in bond angle (°) 1.383
Missing residues in chains A, B, C, D, E, F 459-472

Analysis of Ramachandran plot (using

PROCHECK®)

Most-favoured regions
86.5%

Additional allowed
regions 11.6%
Generously allowed

regions 1%

Mean B factor

22.8 A?
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FIGURE LEGENDS

Figure 1

The active site of the N-palmitoyl-glycine complex of the wild-type enzyme (A; PDB 1JPZ) and of
models of the mutants with isoleucine (B), phenylalanine (C) or tryptophan (D) in place of alanine
at position 82.

The side chain at position 82 is shown in yellow, and the van der Waals surface of the substrate-binding
pocket in magenta. A space-filling representation of the substrate N-palmitoylglycine is superimposed in
blue, occupying the position observed in the crystal structure. The modelled structures in B-D show the
larger side-chains at position 82 filling the hydrophobic pocket discussed in the text and overlapping with

the bound fatty acid

Figure 2

Fatty acid binding to wild-type and mutant enzyme

Top: Changes in UV/Visible absorption spectra on fatty acid binding for (A) Wild-type enzyme, (B)
A821, (C) A82F, (D) A82W mutants. In each case spectra are shown for 10 uM enzyme without substrate
(blue), and in the presence of 2 mM laurate (orange) or 10 uM palmitate (red).

Bottom: Concentration dependence of the optical absorption change on laurate binding to (E) 2.5 uM
wild-type enzyme and (F) 0.25 uM A82F enzyme. Note the difference in enzyme concentration and in

substrate concentration scale between (E) and (F).

Figure 3

'H NMR spectra of the products of hydroxylation of laurate by wild-type and mutant P4A50BM3
The methyl region of the spectra is shown for (A-D) reaction mixtures containing (A) A82W, (B) A82F,
(C) A82I, and (D) wild type enzyme, and (E) a laurate standard.

The methyl resonances of laurate and its hydroxylation products are identified as (1) 11-hydroxylaurate
(6=1.071, M=2, J=6.24Hz), (2) 10-hydroxylaurate (6=0.808, M=3, J=7.17Hz), (3) 9-hydroxylaurate

(6=0.803, M=3, ]=7.53Hz), and (4) laurate (5=0.775, M=3, ]=6.68Hz).
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The triplet partially overlapping the 11-hydroxylaurate methyl resonance (6=1.096, M=3, J=7.15Hz) is

from an impurity in the NADPH, and is also present in control reactions containing no substrate.

Figure 4

Structure of the palmitate complex of the haem domain of the A82F mutant of P450BM3

A. Overall structure of the palmitate complex of the A82F mutant (cyan) compared to the N-
palmitoylglycine complex of the wild-type enzyme (PDB 1JPZ; green). The haem group is shown in red,
the palmitate bound to A82F in brown and the N-palmitoylglycine bound to wild-type in purple; the
mutated Phe82 residue is highlighted in yellow. The F and G helices are indicated.

B. Stereo view of the active site in the crystal structure of the A82F mutant. The side chain of the
mutated Phe82 residue is highlighted in magenta. The bound palmitate is in dark blue, the haem in red
and Tyr51, Phe87 and Phe81 are in yellow. The blue mesh is the electron density map calculated using
the omit procedure (2 cycles) in SFCHECK °’. The omit maps for all six chains in the asymmetric unit
are shown in the Supplementary material.

C. Comparison of the substrate binding site in the substrate-free and substrate bound wild-type enzyme
with that in the substrate-bound A82F mutant. Relevant substrate contact residues are shown. The A82F
mutant with palmitate bound (2UWH) is in pink, the wild-type with N-palmitoylglycine bound (1JPZ) is

in cyan and the wild-type without substrate (2BMH) is in green.

Figure 5

Temperature dependence of the optical absorption spectra of the palmitate complexes of wild-type
and mutant P450BM3

Spectra are shown for (A) wild-type enzyme, and (B) A82I, (C)A82F, and (D) A82W mutants. In each

case, spectra shown were recorded at 30°C (red), 20°C (orange), 10°C (light blue), and 4°C (dark blue).
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Figure 6

Displacement of 11e263 on substrate binding.

A, Wild-type N-palmitoylglycine-bound (PDB 1JPZ); B, Wild-type substrate-free (PDB 2BMH); C,
AS82F palmitate bound; D, A82F modelled into the wild-type substrate-free structure, demonstrating the
clash between F82 and 1263 in this conformation

Residue 1263 is highlighted in dark blue and residue 82 in yellow. The other residues shown are F81 and

F87 above and below (A/F)82, and residues on the F helix, F173, M177 and L181.

Figure 7

Indole binding to wild-type and mutant enzyme

Changes in UV/Visible absorption spectra of wild-type enzyme (top) and A82F enzyme (bottom) on
indole binding. Spectra are shown for enzyme without substrate (blue), and in the presence of 8§ mM

indole (orange) or 18 mM indole (red).

Figure 8

Docking of indole into the active site of P450 BM3

Indole is shown as a space-filling model, docked into the active site of (A) the wild-type enzyme (1JPZ)
and (B) the A82F mutant (2UWH). Sidechains of F81 (yellow), F82/A82 (pink) and F87 (green) are

shown. Docking was performed by using GOLD3.1.1 .
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Figure 2

400 500 600 700
Wavelength (nm)
1.2
14 AB2F C
80.8 -
(0]
E(lﬁ-
204
0.2
0 L] T T
300 400 500 600 700
Wavelength (nm)
0.30,
0.25 e e o
ﬁ 0.204 g » WT
§ 015 =
% 0.10{ /
0.05 .".
0.00 - . - e -
00 05 10 15 20 25 30
[laurate] mM

AA(390-420)

400 500 600
Wavalength (nm)

700

AB2W

300 400 500 600 700
Wavelength (nm}
F
0.025 [P
0020 <7
0.015 AB2F
0.010{
0.005{
0.000 ; ;
0 5 10
[lauratelum

37



Figure 3 a4 T

Figure 4A

38



Figure 4B

Figure 4C
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Figure 6

Figure 7
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Figure 8
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SUPPLEMENTARY INFORMATION

1. EXPRESSION CONSTRUCT

The construct used for expression of P450BM3 in this work was based on the plasmid pGLWBM3 and
contained the following modifications, introducing unique restriction sites which allow straightforward

recombination of mutations in different regions of the gene:

Nucleotide substitutions Restriction site Amino Acid position
A4C Ncol T1A

C768G, T771C Kpnl R255-Y266

A888T Xhol A295-R296
A1242C, T1245A Avrll V413-G415
A1413T, C1416A BstBI V470-K472

The vector sequence was modified to incorporate a second BstBI site followed by a termination sequence
after the end of the P450BM3 gene, to allow generation of P450 domain expression constructs for
mutants of interest simply by BstBI digest followed by religation. The modification to the vector

sequence was as follows:
CCATGG. . [BM3 gene] . .GGATCCTTTCGAAAATAATTAATTAAGATCC
Ncol BamH1 BstBI Stop Existing BamHIl site destroyed
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2. THE PALMITATE COMPLEX OF THE HAEM DOMAIN OF THE A82F MUTANT OF P450 BM3
Electron density maps calculated using the omit procedure (2 cycles) in SFCHECK (CCP4)

showing the substrate binding site for all the six chains in the asymmetric unit.

Chain A

w ¢
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3. INDOLE METABOLISM
3.1 Scheme - Metabolism of indole by cytochromes P450
Enzyme-catalysed steps are indicated by ‘P450°, steps which require oxygen but which are not enzyme-

catalysed by [O].

O O
P450 (@) N
N N N
(0]

Indole Indoxyl
Indigo
Q]
P450 [O]
e}
(Lo @f%—» ®
N N
Oxindole Isatin Indirubin

3.2 Analysis of the products of the action of mutants of cytochrome P450 BM3 on indole:

3.2.1 HPLC of water soluble products

(A) (B)

B El

The water-soluble products of indole hydroxylation by P450BM3 wild type (A) and the A82I (B), A82F
(C), and A82W (D) mutants analysed using HPLC, measuring absorbance at 240 nm. The retention times
of dioxindole (1), isatin (2), oxindole (3), indole (4), and indigo (5) are indicated.
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3.2.2 Analysis of water-insoluble products re-dissolved in DMSO

(1) Thin-layer chromatography of the products of indole hydroxylation by wild type P450 BM3 (A), and
the A82W (B), A82F (C) or A82I (D) mutants. The migration position of indigo is indicated.

= Indigo

(i1) Optical absorption spectra of indole (green), the product of indole hydroxylation by P450 BM3 A82F
(red) and indigo standard (blue).

1.5 1

Absorbance
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=
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S ————
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(iii) '"H NMR spectrum of the insoluble product of indole hydroxylation by P450 BM3 AS82F.
The chemical shifts of 7.622, 7.522, 7.341, 6.958 ppm, correspond to those reported for indigo ( Li, Q. S.,
Schwaneberg, U., Fischer, P. & Schmid, R. D. (2000). Directed evolution of the fatty-acid hydroxylase
P450 BM-3 into an indole-hydroxylating catalyst. Chem. Eur. J. 6, 1531-1536).

[rel]

LA T T LB T T T — T T T T T
8.0 78 76 7.4 7.2 7.0 6.8 6.6 [ppm]
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	Summary
	Cytochrome P450BM3 (CYP102A1) from Bacillus megaterium, a fatty acid hydroxylase, is a member of a very large superfamily of monooxygenase enzymes. The available crystal structures of the enzyme show non-productive binding of substrates with their -end distant from the iron in a hydrophobic pocket at one side of the active site. We have constructed and characterised mutants in which this pocket is filled by large hydrophobic sidechains replacing alanine at position 82. The mutants having phenylalanine or tryptophan at this position have very much (~800-fold) greater affinity for substrate, with a greater conversion of the haem iron to the high-spin state, and similarly increased catalytic efficiency. The enzyme as isolated contains bound palmitate, reflecting this much higher affinity. We have determined the crystal structure of the haem domain of the Ala82Phe mutant with bound palmitate; this shows that the substrate is binding differently from the wild-type enzyme but still distant from the haem iron. Detailed analysis of the structure indicates that the tighter binding in the mutant reflects a shift in the conformational equilibrium of the substrate-free enzyme towards the conformation seen in the substrate complex rather than differences in the enzyme-substrate interactions. On this basis, we outline a sequence of events for the initial stages of the catalytic cycle. The Ala82Phe and Ala82Trp mutants are also very much more effective catalysts of indole hydroxylation than the wild-type enzyme, suggesting that they will be valuable starting points for the design of mutants to catalyse synthetically useful hydroxylation reactions.
	Fatty acid binding 
	Catalytic activity towards laurate
	Crystal structure of the fatty acid complex of P450BM3 A82F
	Oxidation of indole by A82 mutants
	Materials 
	The QuikChange XL mutagenesis kit was obtained from Stratagene, UK, and oligonucleotide primers from the Protein and Nucleic Acid Chemistry Laboratory, University of Leicester, UK. Restriction enzymes were obtained from New England Biolabs. Chromatography columns and media from were obtained from Amersham Biosciences, Complete™ Protease inhibitors from Roche and indirubin from Biomol International LP, UK. All other chemicals, of analytical grade or higher, were from Sigma Aldrich UK Ltd.
	Site-directed Mutagenesis 
	Wild-type and mutant proteins were expressed using the plasmid pGLWBM3, encoding full-length P450BM3, which was a kind gift of Professor L.-L. Wong, University of Oxford, UK. The plasmid was modified to incorporate a number of silent restriction sites to facilitate easy recombination of mutants in regions of the gene corresponding to the various substrate recognition sites, and to allow simple excision of the region encoding the reductase domain, thus providing a straightforward route to expression of the haem domain of mutants of interest for structural studies (full details are given in the Supporting Information).  Mutagenesis was carried out using the Stratagene QuikChange XL kit according to the manufacturer’s instructions. Primers used were as follows (mismatches are underlined):
	Protein expression and purification 
	Protein was expressed and purified using a modification of methods previously described;28 the full-length protein and the haem domain were purified in essentially the same way. Briefly, Escherichia  coli JM109 cells harbouring pGLWBM3 were grown in 2(YT medium containing 100 g/ml ampicillin at 30ºC for 6-8 hours to mid-log phase. The growth medium was supplemented by the addition of 0.5 mM -aminolaevulinic acid, 25 mM ferric citrate and 1 ml/litre of a saturated solution of riboflavin, and incubation was continued for 12-16 hours. Cells were harvested by centrifugation, resuspended in Buffer A (50 mM potassium phosphate, 1 mM EDTA, 1 mM benzamidine, 1 mM DTT, pH 7.5) supplemented with Complete™ Protease inhibitors, and stored at  20°C until processed. All of the A82 mutants expressed well in E. coli, producing levels of polypeptide similar to those seen for the wild-type enzyme. Cells were lysed by sonication, and the soluble fraction was loaded onto a DEAE-Sepharose Fast-Flow column pre-equilibrated with Buffer A. The protein was eluted using a gradient of 0-0.5 M KCl in buffer A, and fractions exhibiting the highest haem content pooled, and concentrated and desalted by ultrafiltration. This was then loaded onto a HiLoad Q-Sepharose 26/10 HP column pre-equilibrated with Buffer A, and eluted with a gradient of 0.2-0.5 M KCl in buffer A. Again fractions with the highest haem content were pooled, and concentrated and desalted by ultrafiltration. Finally, to remove any bound substrate-like molecules from the full-length enzyme, the protein was treated with 5 molar equivalents of NADPH for 5 minutes at room temperature, and any products removed by extensive ultrafiltration prior to storage at  20 °C. Purification led to protein of >90% homogeneity as judged by SDS-PAGE. All of the mutants exhibited typical P450 spectra on reduction in the presence of carbon monoxide, with absorbance maxima at 448 nm and minimal (< 5%) formation of P420.
	Optical Spectroscopy 
	UV/Visible spectroscopy was carried out using a Cary 300 Bio UV/visible spectrophotometer equipped with a Peltier temperature control unit and Cary WinUV software. All experiments were conducted in buffer containing 50 mM potassium phosphate, pH 8.0, at 30°C unless otherwise stated. Optical titrations were conducted by measuring the absorbance changes of the haem Sorêt band on addition of increasing quantities of ligand to a protein solution containing 0.1-0.5 M P450 in the sample cuvette, and to buffer solution in the reference cuvette. The data were corrected for any dilution of the protein during the course of the experiment, and the change in absorbance difference between 390 nm and 420 nm, (A390-A420), was plotted against substrate concentration, and dissociation constants were estimated using non-linear regression using Microcal Origin software, the protein concentration being measured by CO-difference spectroscopy.54 
	Analysis of reaction products 
	The products of fatty acid hydroxylation were analysed by NMR using Bruker AMX500 and AMX600 instruments as described previously.55 Reactions were carried out in 2H2O buffer, using 200 M NADPH and 200 M laurate such that the concentration of dissolved oxygen (ca. 250 M) should not be limiting, and were initiated by the addition of NADPH. The absorbance at 340 nm was monitored to ensure the reactions reached completion; NADPH consumption rates in 2H2O were found to be approximately 90% of those in water. Reaction mixtures were transferred to NMR tubes and the 1H-NMR spectra measured directly. 
	The analysis of the products of indole hydroxylation was carried out separately for the soluble and insoluble products. HPLC analysis of the water-soluble products of the reactions of indole with P450BM3 was carried out as described45 using an Agilent 1100 series instrument equipped with diode-array UV/Visible and fluorescence detection, and a Zorbax Reverse Phase SB C-18 4.6 × 250 mm column (5 m particle size). All products were identified by demonstration of identical retention volumes to authentic standards, and quantitated by comparison of UV/Visible peak area integrations to known concentrations of authentic standards. The insoluble products were analysed by thin layer chromatography as described46 and products identified by comparison to authentic standards of indigo and indirubin. In addition, the insoluble products from a 1ml reaction containing 1 M P450BM3, 8 mM indole and 300 M NADPH in 50 mM potassium phosphate, pH 8 were redissolved in 600 l 2H6-DMSO and the 1H-NMR spectra were recorded. 

	 Table 4  Crystallographic statistics 

