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Abstract

Cytochrome P450 BM-3 is a bacterial enzyme with sequence similarity to mammalian P450s that
catalyzes the hydroxylation of fatty acids with high efficiency. Enzyme—substrate binding and
dynamics has been an important topic of study for cytochromes P450 because most of the crystal
structures of substrate-bound structures show the complex in an inactive state. We have determined
a new crystal structure for cytochrome P450 BM-3 in complex with A-palmitoylglycine (NPG),
which unexpectedly showed a direct bidentate ion pair between NPG and arginine 47 (R47). We
further explored the role of R47, the only charged residue in the binding pocket in cytochrome
P450 BM-3, through mutagenesis and crystallographic studies. The mutations of R47 to glutamine
(R47Q), glutamic acid (R47E), and lysine (R47K) were designed to investigate the role of its
charge in binding and catalysis. The oppositely charged R47E mutation had the greatest effect on
activity and binding. The crystal structure of R47E BMP shows that the glutamic acid side chain is
blocking the entrance to the binding pocket, accounting for NPG’s low binding affinity and charge
repulsion. For R47Q and R47K BM-3, the mutations caused only a slight change in A and a
large change in K, and Ky, which suggests that R47 mostly is involved in binding and that our
crystal structure, 4KPA, represents an initial binding step in the P450 cycle.
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NPG-P450 BM-3

Cytochromes P450 are a class of heme-dependent enzymes that perform the stereospecific
oxidation of substrates, metabolize drugs and other xenobiotics, and synthesize steroids and
vitamins. Because the active site of cytochrome P450 can incorporate substrates of varying
size, predicting the range of chemistry of this enzyme is an important topic of study.
However, cryogenic crystal structures of numerous P450 isoforms show that the substrate is
positioned too far away from the heme to be a catalytically relevant binding mode.14
Therefore, solving new crystal structures, identifying important amino acids in the binding
pocket, and understanding the active site’s structure and dynamics remain crucial areas of
research for drug discovery, protein engineering, and insight into the biological function of
BM-3.

A bacterial model widely used to study mammalian P450s, cytochrome P450 BM-3 from
Bacillus megaterium, was identified by Fulco and has structural similarity to the
corresponding CYP4A mammalian fatty acid hydroxylases.>6 BM-3’s exact function is not
known, but it hydroxylates fatty acids with high efficiency in the presence of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen. BM-3 with
arachidonate as a substrate has the highest catalytic activity determined for a P450 mono-
oxygenase (17 000 min~1).7 The efficient activity can be explained by BM-3 having an
attached reductase domain and a high efficiency of intramolecular electron transfer. The
heme domain of BM-3 (residues 1-472) is a 55 kDa protein and is referred to as BMP. In
this Article, we use the full-length enzyme for biochemical activity studies and the heme
domain for crystallization.

Before a crystal structure of cytochrome P450 BM-3 was ever published, researchers
speculated that in addition to a hydrophobic pocket there was a charged residue in the
binding pocket because P450 BM-3 is inactive to rn-hydrocarbons and fatty methyl esters but
reactive to fatty alcohols, acids, and amides.8 When the crystal structure of P450 BMP was
solved, it showed that the binding site has a long hydrophobic channel that is 8-10 A in
diameter and the beginning of the channel contained the only charged residue, arginine 47
(R47),9 as shown in Figure 1. The role of R47 has been proposed and demonstrated by
mutagenesis studies to be involved in the initial binding of the substrate, steering the
substrate into the active site,10:11 and the positioning and stabilizing of the substrate in the
active site.”12-14 Protein engineering of P450 BM-3 has become a popular area of study,
15-26 changing the charge at position 47 has been shown to change the substrate specificity.
For example, the R47E BM-3 mutant showed an increase in activity for positively charged
trimethylammonium (TMA) compounds.2” In addition, the mutations R47Q and R47S
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BM-3 have shown selectivity for acyl homoserine lactone over acyl homoserine substrates.28
Overall, R47 is a commonly mutated residue to allow for the catalysis of non-natural
substrates?®-40 and shorter substrates because the carboxylate binding site is eliminated.28

The charge at position 47 has been explored by reversing the charge with a R47E BM-3
mutant, which could not catalyze the oxidation of large substrates such as arachidonic acid
(AA) and eicosapentanoic acid (EPA) that both have 20 carbons.13 However, the
hydroxylation and epoxidation of AA and EPA were catalyzed by R47A and R47G BM-3 at
a reduced rate.”13 For smaller substrates such as laurate, myristate, and palmitate, mutant
R47E BM-3 was able to perform catalysis at a decreased rate,13.27 which can be explained
by hydrophobic interactions that also play a role in guiding the ligand into the binding
pocket. Mutations replacing R47 with a neutral amino acid, R47Q or R47S, resulted in a
decreased binding affinity for A-myristoyl-L-methionine. In addition, changes to the charge
on N-acyl amino acid substrates showed that BM-3-mediated catalysis of A-palmitoyl-L-
glutamine and A-palmitoyl-L-gutamic acid was reduced compared to that of A~
palmitoylglycine (NPG).42

Although there is mutagenesis evidence for R47’s role in binding and catalysis, the majority
of the previous crystal structures of BMP have not shown substrates interacting with R47. In
PDB entries 1JPZ,11 1Z0OA 43 and 109,42 the carboxylate carbon (C1) of NPG is hydrogen
bonded to Q73 and A74, and the amide carbonyl (C3) is hydrogen bonded to Y51. This is
also seen in the crystal structure of A-palmitoyl-L-methionine bound to BM-3.42 For smaller
substrates such as BMP with palmitoleic acid (1IFAG,14 1SMJ,** and 3EKD*5) and palmitic
acid (2UWH?48), the carboxyl group (C1) of the substrate is hydrogen bonded to Y51. Only
the crystal structure of a laboratory-evolved octane mono-oxygenase, a P450 BM-3 enzyme
with 11 mutations, in complex with NPG (3CBD) showed that R47 is hydrogen bonded to
only one of the C1 oxygens in NPG.18

We further investigated the role of R47 through a systematic study to clarify the role of
electrostatics and steric bulk as key factors at position 47. Mutations were made to neutral
glutamine (R47Q), negatively charged glutamic acid (R47E), and positively charged but
smaller lysine (R47K), and their binding and kinetics were monitored with NPG (Figure 2)
as the substrate. The largest effect was seen with R47E BM-3; therefore, we solved a crystal
structure of R47E BMP to see if there are any structural limitations to NPG binding or if it is
purely a consequence of charge repulsion.

MATERIALS AND METHODS

Crystallization, Data Collection, and Structure Determination

Cytochrome P450 BMP and R47E BMP were overexpressed in £. co/i BL21(DE3) and
purified as previously described.#” After purification, cytochrome P450 was concentrated to
either 25 or 12.5 mg/mL in 50 mM potassium phosphate pH 7.4. If the protein was stored at
-80 °C, then 10% glycerol was added, and the protein was divided into aliquots of 30 /1.
Crystals were grown with the hanging-drop method at 4 °C with 1:1 aliquots of the protein
and reservoir solutions. The protein solution contained either 12.5 or 25 mg/ mL of stock
BMP with either 1 or 1.1 equiv of NPG, and the reservoir solution contained 12—-21% (w/v)
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PEG 3350, 150-225 mM MgCl,, and 100 mM 2-(A-morpholino)ethanesulfonic acid (MES)
pH 6. Crystals with high concentrations of PEG grew within 24 h and those with lower
concentrations of PEG usually grew within 2 days. Diffraction-quality crystals were
obtained by microseeding a drop of 16 mg/mL of BMP in 50 mM potassium phosphate pH
7.4, 1 equiv of NPG, 150 mM MgCl,, 50 mM MES pH 6.0, 10% glycerol, and 13% PEG
3350. The structure of cytochrome P450 BMP with NPG was determined at a 2.0 A
resolution (Table 1).

R47E BMP crystals were grown by microseeding a drop of 24 mg/mL of protein in 50 mM
potassium phosphate pH 7.4, 1 equiv of NPG, 150 mM MgCl,, 100 mM MES pH 6.0, and
14% PEG 3350. After crystals were formed, 15% glycerol was added for cryoprotection.
The structure of R47E BMP in the presence of NPG was determined at a 2.1 A resolution
(Table 1).

X-ray diffraction data were collected at the X29A beamline of the National Synchrotron
Light Source (NSLS). Diffraction images were processed with the HKL package.* The
structure was solved by molecular replacement with the COMO#*® program using the
structure of BMP with NPG, 1JPZ,1 as the search model. The model was refined with the
CNS®0 program and manually rebuilt using the 0% program.

Mutagenesis Methods

The site-directed mutagenesis of R47E, R47Q, and R47K BM-3 and BMP were performed
using designed primers from Invitrogen (Table S1). The sense and antisense primers were
designed with the QuikChange primer-design program available on Agilent’s Web site
(http://www.genomics.agilent.com). The mutagenesis was performed using the QuikChange
Lightning Site-Directed Mutagenesis Kit from Agilent, and the protocol was from the
handbook. All sequencing was performed at Columbia University’s Protein Core Facility
(New York, NY). The successfully mutated plasmids were transformed into BL21 DE3 cells
for protein expression. The mutants were expressed and purified by the same method as that
for the wild-type protein.’

Characterization of R47E, R47Q, and R47K BM-3

NPG was synthesized from a known protocol.>2 For the determination of spin state change
with temperature, optical absorption spectra of enzyme/NPG mixtures at temperatures
between -3 and 37 °C were taken under the same conditions used previously.>3 Thirty equiv
of NPG (129 1M) were added to a solution of BM-3 (2.15 xM) in 500 £ of 50 mM MOPS
pH 7.4 and 30% glycerol at room temperature. The solution then was cooled to -3 °C and
equilibrated for 30 min before a measurement was taken, and the temperature was increased
for the next measurement. The percentage of high spin was calculated using the equations
stated by Jovanovic et al.>*

To determine the dissociation constant (Kjy), approximately 0.5 1M of protein was added to
500 £ of 50 mM potassium phosphate monobasic pH 7.4 in a cuvette. NPG (stock of 0.05
mM) was titrated into the solution in 1 £ aliquots, and the sample was equilibrated for 1
min before the optical absorption data were collected. The data were fitted using a
biomolecular dissociation equationl! with Igor Pro®> where the absorbance at 393 nm was
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subtracted from the absorbance at 418 nm to maximize the change in absorbance due to
binding.

For the determination of the catalytic constant (A.q), various concentrations of NPG (0-250
4M) were added to 0.25 ¢M of BM-3 in 50 mM potassium phosphate pH 7.4 in a cuvette,
and the mixture was incubated for 5 min at room temperature. The enzymatic reaction was
started by the addition of 200 M NADPH, and the reaction was monitored by the
consumption of NADPH at 340 nm. The rate was determined using the slope of the first 30 s
of the absorbance data, £349 for NADPH (6200 M~ cm™1), and the path length (6= 1 cm).
We plotted the velocity divided by the enzyme concentration against the concentration of
NADPH to determine Az and Ky, using lgor Pro.%®

Crystal Structure of NPG with P450 BMP

Spin State

The crystal structure of P450 BMP in complex with NPG has been determined at a 2.0 A
resolution. Our structure, 4KPA, was compared to PDB entry 1JPZ,11 which is the first
NPG-BMP complex that was solved. The Ca atoms of 4PKA and 1JPZ were aligned in
PyMOL*! and showed an rmsd of 0.34 A% (Figure 3A). In fact, the two crystals were grown
under very similar conditions. The 1JPZ crystal was grown from 12.5 mg/mL of protein with
12% PEG 3350 and 1.1 equiv of NPG, and our crystal was grown from 16 mg/mL of protein
with 10% glycerol, 13% PEG 3350, and 1 equiv of NPG. Even though the differences in the
crystallization conditions between the two crystal structures were small, the two crystals are
in different space groups, and in the unit cell 1JPZ is a dimer whereas our structure is a
monomer. Previous structures of BMP have been solved in both space groups.9:42:44-46.56-65

The largest difference between 4KPA and 1JPZ is that NPG is in a different conformation
(Figure 3B). Our structure shows R47 interacting with the carboxylate oxygens of NPG in a
direct bidentate ion pair at distances of 2.9 and 3.1 A, which has not been observed in
previous crystal structures.11:18:4243 Figure 4 shows the comparison of 4KPA with 1JPZ and
3CBD, with all of them having a different conformation of the carboxylate part of the ligand.
In 1JPZ, the carboxylate carbon (C1) of NPG is hydrogen bonded to Q73 and A74, and the
amide carbonyl (C3) is hydrogen bonded to Y51. The crystal structure of a laboratory-
evolved octane mono-oxygenase, a P450 BM-3 enzyme with 11 mutations, in complex with
NPG (3CBD)18 shows that R47 is hydrogen bonded to only one of the C1 oxygens in NPG
at 3.1 A, wherease the other one is at 4.1 A. In both 4KPA and 3CBD, the C3 oxygen of
NPG is too far away (5 A) to be hydrogen bonded to Y51 in comparison to a distance of 2.6
Ain 1Pz

The heme in P450 BM-3 undergoes a spin state change from a low-spin resting state in
which water is coordinated as the sixth ligand, to a high-spin state in which the water is
displaced upon ligand binding. The wild-type enzyme with NPG has a temperature-
dependent spin state, which is proposed to represent a change between the proximal and
distal conformation of the ligand.>3 As shown in Figure 5A, at 37 °C the wild-type enzyme
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has a high population of heme in the high-spin state (393 nm). As the temperature decreases,
the population in the low-spin state increases (418 nm), suggesting that the substrate is in a
distant alternative binding mode.4’

The temperature dependence of the spin state for the mutants was conducted with a 30-fold
excess of NPG to BM-3, and optical spectroscopy was performed at the indicated
temperatures. For R47E BM-3 with NPG at 37 °C, we only observed a small population of
the heme iron in the high-spin state (~8%) and no temperature-dependent spin state change,
as shown in Figure 5B. In the case of NPG bound to R47K BM-3 at 37 °C, the heme iron is
80% in the high-spin state (Figure 5C). As shown in Figure 5D, for NPG bound to R47Q
BM-3 the heme iron is 50% in the high-spin state at 37 °C. By contrast, the heme iron in
wild-type BM-3 is 97% in the high-spin state. Both R47K and R47Q have a temperature-
dependent spin state. These results show that charge along with temperature plays a role in
correctly positioning the substrate for catalysis because the wild-type and R47K BM-3 with
NPG have a higher percentage in the high-spin state, possibly indicating a proximal
catalytically preferred conformation. For R47Q and R47E BM-3, there is no specific
substrate interaction with residue 47, causing the substrate to occupy other binding modes
and have a lower percentage in the high-spin state.

Ligand Binding

The Ky of NPG was determined for wild-type, R47K, R47Q, and R47E BM-3 (Supporting
Information Figures S1-S4 and Table 2). The Kj that we determined for wild-type BM-3
with NPG is 0.37 + 0.05 1M, which is comparable to the previous literature value.! For
R47K BM-3 with NPG, the Ky is 1.2 £ 0.1 4M, which is 3-fold weaker than that of the wild-
type. For R47Q with NPG, the Ky is 7.0 £ 0.7 M, which is 20-fold weaker than that of the
wild-type. This is expected because the substrate no longer has attractive forces with residue
47. For R47E BM-3, a Ky was not determined because type I binding was not observed. As
seen in Figures 5 and S2, with a 30-fold excess of ligand to protein concentration there is
only a peak at 418 nm. It is unclear as to whether the ligand binds in a nonproductive
(distant) conformation where it is unable to cause a change in the spin state or whether the
charge repulsion is too strong and it is not binding at all.

Enzyme Activity

The K, Acat, and K/ kot Values for the hydroxylation of NPG were determined for wild-
type, R47K, R47Q, and R47E BM-3 (Supporting Information Figures S5-S8 and Table 2).
The mutations significantly decreased the efficiency of the enzyme (A.q/ Kim) compared to
the wild-type. The activity of R47E with NPG was 30-fold weaker compared to wild-type,
and the K}, increased. For R47Q and R47K, less activity was observed than for the wild-
type, and both the Ky and K, increased, showing that R47 is important for binding.
However, there is an order of magnitude difference between the K, and Ky for the wild-
type, R47K, and R47Q, which may be a result of the ligand accessing different
noncatalytically active conformations or it may indicate that binding is not the rate-limiting
step. However, the A5 for R47Q and R47K are within the error of the wild-type, indicating
that the mutation does not affect A4 but only binding.
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Crystal Structure of R47E BMP

To see if the R47E mutation caused any structural changes preventing NPG from binding to
BM-3, we determined a crystal structure of R47E BMP at a 2.1 A resolution (Table 1).
Crystals of R47E BMP were grown in the presence of 1 equiv of NPG, but in the crystal
structure no NPG is bound. From the crystal structure, an explanation for NPG’s weak or
nonexistent binding is that residue E47 is blocking access to the substrate channel and the
electron density of E47 indicates that there may be multiple conformations. In comparison to
our crystal structure of NPG-BMP, the largest differences are seen in the F and G helices,
which form one side of the substrate channel, and, on the other side of the channel, the 31
helix and the R47 B-sheet. As seen in previous substrate—-BMP complexes as well as in our
structure, the two sides of the channel are closer together in the substrate-bound structure.
There also are changes in the B, C, D, H, and I helices, as shown in Figure 6A,B. Because
no substrate is present, R47E BMP more closely resembles substrate-free structure 1BU7°
shown in Figure 6C,D.

DISCUSSION

In all of the crystal structures published for NPG complexed with BMP,11:18:4243 jncluding
our structure, NPG is still too far away from the heme iron to be in the catalytically relevant
binding mode in comparison to that of camphor in P450cam. Our crystal structure with a
direct bidentate ion-pair interaction between NPG and R47 therefore represents an initial
binding step in the mechanistic reaction of cytochrome P450. This is supported by random
expulsion molecular dynamics studies that showed arginine interacting with NPG in a
bidentate ionpair interaction.®6:67 By comparing the conformation of NPG bound to BMP in
our crystal structure to other crystal structures, the different conformations of NPG provide
insight into the dynamics of the initial binding in the carboxylate region of the ligand.

The mobility of NPG has been shown through previous studies. Roberts et al. showed by
paramagnetic relaxation techniques that the substrate moved 6 A upon reduction.®8:6° Harris
and Jovanovic et al., through solid-state NMR experiments, showed a non-Curie temperature
dependence of the chemical shift of the terminal methyl of NPG, indicating a change in the
ligand conformation.#7:53:54 |n addition, replica exchange molecular dynamics (REMD)
trajectories’® were also used to determine the order parameters for NPG bound to BM-3.
The results showed that the order parameters for the crystallographic conformation were
higher than those for the predicted room-temperature structure, which is in agreement with
the solid-state NMR experimentally determined order parameters.”? All of these experiments
indicate that the substrate moves; however, there is no information on how it repositions or
structural evidence of the new binding site close to the heme. The mobility of the ligand is
not unique to BM-3 and was probably first seen through kinetic isotope studies of the
demethylation of anisole.”?

Our mutagenesis studies along with previous studies’10:12.13.27 showed that R47 is essential
for the binding of NPG and possibly other large substrates either during encounter complex
formation and/or for positioning the substrate correctly for catalysis. For the R47A mutant
with AA, an increased rate of epoxidation and a decreased rate of hydroxylation compared
to that of the wild type was observed. Because the rate of epoxidation increased, the absence
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of R47 allowed the substrate to penetrate further into the binding pocket, allowing chemistry
to occur more favorably at C15 compared to C18, which supports that R47 is involved in
substrate positioning. In addition, for EPA the rate of catalysis increased in forming
epoxidation product 17,18-EETA.13 This may also be due to the fact that for R47A there is
more room in the binding pocket.

In our mutagenesis studies, R47 is essential for the binding of NPG and the positioning for
catalysis, as indicated by the decrease in the percentage of the heme in the high-spin state at
37 °C and the decrease in catalytic efficiency for the R47Q, R47E, and R47K BM-3
mutants. The largest effect was seen for NPG bound to R47E BM-3 where the substrate was
not bound or was bound in a noncatalytic mode, as shown by our optical absorption data,
such that catalysis was greatly diminished. This is in agreement with previous mutations of
R47E BM-3 that showed diminished activity for large substrates such as AA and EPA.13 On
the basis of our R47E BMP crystal structure, it appears that NPG does not bind under
stoichiometric substrate concentrations because of the charge repulsion and position of E47.
For R47Q, an increase in binding affinity was also seen previously.28 However, the Aqqt
determined was within the error for the wild-type at a large concentration of ligand, showing
that hydrophobic interactions also play a role in guiding the ligand into the binding pocket.
For R47K, there was also an increase in K, and Ky, causing a decrease in the catalytic
efficiency of the enzyme. Thus, not only a positive charge is necessary but also the size of
the residue at position 47 is crucial in maintaining catalytic efficiency.

Other P450 enzymes show important arginine—substrate interactions. For example, R108 in
CYP2C973 is proposed to play a similar role as that of R47 in BM-3. CYP2C9 is found in
the human liver and is involved in metabolizing commonly prescribed drugs such as &
warfarin, phenytoin, and many other nonsteroidal anti-inflammatory drugs.’# In the crystal
structure of flurbiprofen with CYP2C9, the substrate is in a presumably catalytically active
conformation and is interacting with R108, as shown in Figure 7.73 In comparing CYP2C9
R108 to BM-3 R47, the positioning of the arginine residue is dependent on the size of the
substrate for that particular P450 and on the position of hydroxylation. In cytochrome
P450BSg, which hydroxylates fatty acids at the a or g position of the carboxylate
headgroup, an arginine is in the | helix near the heme.”® The crystal structure shows the
substrate interacting with R242, and mutations of this arginine residue have shown a loss in
activity.”8 However, because the arginine is located near the heme it is also proposed to be
involved in the mechanism.”

A comparison of the sequence of BM-3 with those of fatty acid w-hydroxylases shows that
Y51 is conserved whereas R47 is not.”” Previous crystal structures of BM-3 show ligand
interactions with Y51.11.14.42-46 The mutation of Y51 to alanine along with double mutant
R47A/JY51A has been shown to decrease the rate of activity and increase the binding
constants for lauric, palmitoleic, and arachidonic acid.1? Analysis of the products for AA
showed that «-1 hydroxylation occurred for Y51A and R47A/Y51A, which is not a wild-
type or R47A product. For double mutant R47A/Y51A and R47A, a larger percentage of
epoxidation product 14,15-EET was produced compared to the wild type, which was not
true for Y51A.12 Therefore, R47 may be more involved in the initial binding, as shown with
our mutagenesis and crystallographic studies, preventing large substrates from penetrating
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too far into the binding pocket, whereas Y51 may be more involved in the positioning of the
substrate at the time of catalysis. Although mutations of Y51F showed only a slight decrease
in activity, the effect of the Y51A mutation may be a result of the difference in the size and
hydrophobicity and not necessarily the hydroxyl group.” Together, R47 and Y51 are
important for the monooxygenation with high regioselectivity to correctly position some
substrates. The arginine—tyrosine pair is not unique to cytochrome P450 BM-3. An arginine—
tyrosine pair is used to stabilize the binding of lactate in L-lactate cytochrome ¢
oxidoreductase from Saccharomyces cerevisiae.’8 Similarly, flavocytochrome b, from
Hansenula anomala and L-mandelate dehydrogenase from Rhodotorula graminis have an
important arginine—tyrosine pair, and spinach glycolate oxidase also has an arginine—serine
pair.”®

CONCLUSIONS

Our crystal structure of NPG-BMP in combination with previous crystal structures provide
insight into the binding of ligands to cytochrome P450 BM-3. We clarified the role of
electrostatics by using amino acids of similar steric bulk to arginine, and we showed that not
only a positive charge but also arginine is necessary to achieve the same catalytic efficiency.
In addition, all three mutants caused the K, and Kj to increase, showing that R47 is
important for the binding of substrates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of cytochrome P450 BMP with NPG bound. The F and G loops form one side of

the substrate entrance channel, whereas the other side of the channel is formed by the 319
helix (residues 16-20) and the R47 B-sheet. The binding pocket and access channel are
colored in blue, NPG, green, heme, black, and R47, red. This figure shows that arginine is in
a key position to interact with substrates at the entrance of the binding pocket. This structure
was prepared in PyMOL*! with PDB file 1Jpz.11
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Figure 2.
Structure of A-palmitoylglycine (NPG). NPG is used as a substrate because of its increased

water solubility and tight binding to BM-3. P450 BM-3 in the presence of NADPH and O,
catalyzes the hydroxylation of fatty acids, such as NPG, at positions w-1, w-2, and w-3.
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Figure 3.
Comparison of 4KPA and 1JPZ. (A) Ca alignment of 1JPZ (gray and green) and 4KPA (red

and pink) with an rmsd of 0.34 A showing that the overall fold is the same. (B) Interaction
of NPG with R47 in 4KPA, which is in a different conformation than it is in 1JPZ. The
structures were prepared in PyMOL .41
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Figure 4.
Hydrogen-bonding networks of NPG bound to BM-3. The comparison of the hydrogen-

bonding networks between NPG and BMP from the crystal structures is as follows: 1JPZ
(green), 3CBD (blue), 4KPA (red), and the omit Fo-Fc maps (gray). In 1JPZ, the carboxylate
(C1) of NPG is close enough to hydrogen bond to the backbone of Q73 and A74, and the
amide carbonyl (C3) is hydrogen bonded to Y51. However, in our structure, 4KPA, C1 of
NPG is in a direct bidentate ion-pair interaction with R47, and it does not appear that C3 is
hydrogen bonding to any residue. In 3CBD, only one of the oxygens of carboxylate (C1) is
close enough to hydrogen bond to R47. The structures were prepared in PyMOL.41
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Spin state temperature dependence for BM-3 wild type (A), R47E (B), R47K (C), and R47Q
(D). The optical absorbance spectra with a 30-fold excess of NPG was collected at
temperatures of 37 (red), 27 (orange), 17 (green), 7 (blue), and -3 °C (purple). The resting
state of the enzyme without NPG is shown in black at room temperature. A temperature-
dependent change in the spin state of the heme iron was observed with excess NPG because
the absorbance at 418 nm (low spin) decreased and at 393 nm (high spin) increased as the
temperature increased for wild-type, R47K, and R47Q. There was no temperature-dependent
spin state change observed for R47E BM-3 with NPG bound. The percentage of the
population in high spin at 37 °C is 97% for the wild-type, 80% for R47K, 50% for R47Q,

and 8% for R47E.
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Figure 6.
Crystal structure of R47E BMP. The structure of R47E BMP (4KPB, cyan) is compared to

our crystal structure of NPG bound to BMP (4KPA, red) and to wild-type BMP (1BU7,
orange). (A) Comparison of NPG-BMP with R47E BMP. (B) The same structure from A
rotated 180°. The largest differences in structure are the F, G, and 3¢ helices as well as
residue 47, which forms the entrance to the substrate-binding channel and is known to close
upon substrate binding. (C) Comparison of R47E BMP with wild-type BMP free enzyme.
(D) The same structure from C rotated 180°. R47E BMP more closely resembles substrate-
free structure 1BU7.9 These two structures are very similar with the exception of E47’s
position, which appears to be blocking the entrance of the channel, and the electron density
of E47 indicates that there may be multiple confirmations. The structures were prepared in
PyMOL.4
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Figure 7.
Comparison of the position of arginine in NPG bound to BMP in 4KPA (4KPA, red and

green) and flurbiprofen bound to CYP2C9 (1R90, blue and orange). Both proteins have the
same overall fold (A); however, the arginine residues in the binding pocket are in different
locations to accommodate the difference in the size of the substrates (B). The structures
were prepared in PyMOL .41
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Data Collection and Refinement

Table 1

crystal structure

BMP NPG complex

BMP R47E mutant

maximum resolution (A)
space group

unit cell parameters (angstroms, degrees)

no. of observations

redundancy

ol

Rimerge (%)

resolution range used for refinement
no. of reflections

completeness (%)

R factor (%)

free R factor (%)

rms deviation in bond lengths (angstroms)

rms deviation in bond angles (degrees)

2.0
P2,2;2
a=188.7, b=59.32, c=56.24

241183
5.9 (3.0)
114 (2.1)
11.6 (37.3)
30.0-2.0
38 044
87.2

19.4

23.0
0.017

1.7

2.1
P2y

a=58.9, b=152.7, c=62.0

£=94.4
272722
43(4.4)
21.9 (5.8)
8.5 (20.5)
29.4-2.1
63 247
99.5

18.8

232
0.008
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