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ABSTRACT. Cytochrome P450s constitute a superfamily of enzymes that catalyze the oxidation of a vast
number of structurally and chemically diverse hydrophobic substrates. Herein, we describe the crystal
structure of a comEIex between the bacterial P450BM-3 and the novel subdéfpaienitoylglycine at a
resolution of 1.65 A, which reveals previously unrecognizable features of active site reorganization upon
substrate binding\-Palmitoylglycine binds with higher affinity than any other known substrate and reacts
with a higher turnover number than palmitic acid but with unaltered regiospecificity along the fatty acid
moiety. Substrate binding induces conformational changes in distinct regions of the enzyme including
part of the I-helix adjacent to the active site. These changes cause the displacementtidyA&lodthe

pivotal water molecule that ligands the heme iron, resulting in the low-spin to high-spin conversion of
the iron. The water molecule is trapped close to the heme group, which allows it to partition between the
iron and the new binding site. This partitioning explains the existence of a high-gprspin equi-

librium after substrate binding. The close proximity of the water molecule to the heme iron indicates that
it may also participate in the proton-transfer cascade that leads to heterolytic bond scission of oxygen in
P450BM-3.

Cytochrome P450BM-3,a fatty acid monooxygenase Unfortunately, P450cam functions differently than the
from Bacillus megateriumresembles eukaryotic P450s in clinically important eukaryotic P450s and is therefore not a
primary structure and functionl( 2). This self-sufficient good model system for class Il P450s and P450BM-3. Most
enzyme is a complex, multidomain protein that contains notably, P450cam undergoes only a slight structural re-
heme, FAD, and FMN bound to a single polypeptide chain arrangement upon reduction of the substrate-bound form,
(1). Various P450BM-3 constructs composed of combina- whereas P450BM-3 has been shown to require a much more
tions of the heme-binding domain (BMP), the FMN-binding substantial structural rearrangement of the substrate and, by
domain, or the FAD-binding domain have been cloned and implication, the protein itself1(1).
expressed in bacterig@{9). The solubility and ease of high Less information is known about the reaction mechanism

:jevel _expresilon h9f the holoenzyme and its fundctllor;al in P450BM-3 due to the lack of a suitable well-behaved
omains make this protein a very attractive model for o,y e sybstrate complex that could be used to carry out

studying flavoprotein-reductase-utilizing class Il P450s.  qijar stydies as for P450cam. A crystal structure of the
The greatest insights into the structure/function relationship heme domain of PA50BM-3 complexed to palmitoleic acid

of P450 enzymes haye been'gaine.d from studies on F>450Cam(BMP/PA) has been previously reported. However, the
ghﬁ avgllablhty ofbhltgh:y dlffralctmgf Igz_)s(}als Og a vI\I/eII- d crystals did not diffract to the resolution necessary to identify
ehaved enzymesubstrate compliex ot Faotcam has alowed i, certainty the positions and important mechanistic roles
structural characterization of mechanistic intermediat8} ( of catalvtic solvent molecules and had weak or missin
Of particular importance is the identification of ordered water electrony density for the substrate acyl chaifi)( Still, the 9

'molecule's in the active site of reduced, oxygen-bound BMP/PA structure revealed a significant conformational
intermediates that revealed rearrangements of the proton-

, : . change upon substrate binding, which involved closure of
transfer machinery during the course of catalysis. . :
the active site channel.
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8815$'HC etratvd binol: GEIMS Homat " the change in spin state of the heme iron from low-spin to
, letranyarocannabinol; , gas cnromatography/mass .. _ . . . . .
spectrometry: BMP, the heme domain of PAS0BM-3; BMP/PA, high-spin upon substrate binding is still poorly understood.

complex of the heme domain of P450BM-3 with palmitoleic acid; BMP/  This spin state conversion is a general feature of P450s and
NPG, complex of the heme domain of PA50BM-3 wikpalmitoyl- involves expulsion of the water molecule that forms the sixth

glycine; BSTFA/TMCSN,O-bis[trimethylsilyl]trifluoroacetamide with inati i ; i
1% (v/v) trimethylchlorosilane; KPi, potassium phosphate; TMS coordination site of the heme iro§). The observation by

tetramethylsilane; PEG-3350, poly(ethylene glycol)-3350; MES, 4-mor- f€Sonance Raman spectroscopy that during substrate satura-
pholinoethanesulfonic acid; rmsd, root-mean-square deviation. tion a small amount of the low-spin species exists in
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equilibrium with the high-spin form has not been adequately was performed on either a Hewlett-Packard model 8452A

explained {4). Furthermore, certain mutants retain as much Diode Array spectrophotometer or a Varian Cary 100 double

as 40% low-spin character upon saturation with substratebeam instrument.

(15). Synthesis and Characterization of N-Acyl Amino Acids.
To provide such a mechanistic tool, a substrate must beN-Palmitoylglycine was synthesized in greater than 95%

identified that contains the elements known to be required yield from the corresponding commercially availatie

for high affinity binding to the enzyme. It has been shown hydroxysuccinimidyl fatty acid and glycine by methods

that PA50BM-3 utilizes fatty acid substrates and derivatives previously established for the fatty acylation of amino acids

in which the carboxylic acid had been converted to an amide (24). The product was recrystallized from ethanol/10 mM

or alcohol, but fatty acid oxidation occurs at a rate-1@& HCI. Purity and identity were confirmed b{4 NMR and
times greater than that of fatty acid alcohols or fatty acid GC-MS.
amides 16). The corresponding alkanes @-methylated Substrate Characterizatiofor rate determination, a 1.0

fatty acids are not utilized as substrates. These observationgnL solution of 100uM substrate and 108M NADPH in
were based on a relatively crude assay that did not distinguish50 mM KPi, pH 7.4, was placed in a stirred cuvette at 37
between effects on substrate binding or turnover rate, yet°C. To this solution, P450BM-3 was added to 15 nM, and
they suggested that the carboxylate group uses two modeghe progress of the reaction was monitored by the consump-
of interaction with the enzyme, one involving hydrogen tion of NADPH as indicated by the loss of absorbance at
bonding and a second involving ionic interactions. Bio- 340 nm. The rate of turnover was calculated using an
chemical studies revealed the importance of Arg47 in extinction coefficient of 6220 M cm™ for NADPH. For
substrate bindingl(, 18), and the distant (4.3 A) interaction ~measurement o¥ma, the reaction was carried out at both
of its guanidinium group with palmitoleic acid carboxylate 50 and 100uM substrate to verify that the velocity was
observed in the structure of BMP/PAZ) seems to provide  independent of substrate concentration.
the required polar interactions. For product determination, substrate was added to a 3.0
In recent years, several lines of evidence have led to theML solution of 50 nM P450BM-3 in 50 mM KPi, pH 7.4,
suggestion that long chal-acyl amino acids may serve as 10 a final concentration of 500M. To this solution, NADPH
physiologically active signaling moleculed%-22). One was added to 250M, and the progress of the reaction was
such example is arachidonylglycine, which is structurally Monitored by the consumption of NADPH as indicated by
related to the large class of active eicosanoids and specificallytn€ 10ss of absorbance at 340 nm. After five minutes, 1 M
to the endocannabinoid arachidonylethanolamine (also known©Xalic acid was added to lower the pH of the solution to pH
as anandamide). Recent work comparing arachidonylglycine4- This mixture was immediately extracted with33 mL
to anandamide suggests that each compound has its owiflichloromethane. The combined organic extracts were washed
spectrum of distinct physiological effectgq). Just as the ~ With 3 x 1 mL distilled deionized water, dried with M&O,,
effects of anandamide parallel those of tetrahydrocannabinol@nd evaporated to dryness under argon. The residue was
(THC), the effects of arachidonylglycine appear to parallel t@ken up in 50uL of dichloromethane, silylated by the
those of THC acids, metabolites of THC. A closely related addition of 5QuL of N,O-bis[trimethysilyl]trifluoroacetamide
N-acylamino acidN-palmitoylglycine, has been shown to With 1% (v/v) trimethylchlorosilane (BSTFA/TMCS), and
modulate monoamine levels in the hippocamp2s; @2). allowed to react at room temperature for 10 min to form

BecauséN-acylglycines contain the requisite hydrophobic trimethylsilyl (TMS) esters of the carboxylates and TMS

: : . _ethers of the alcohols. The mixture was then subjected to
acyl chain, hydrogen bond accepting carbonyl, and oxyanion :
of an efficient PA50BM-3 substrate, we testéghalmitoyl- GC/MS using an HP-5MS column (Hewlett-Packard, Palo

glycine for substrate activity. In the present study, we report Alto, CA). The' eluted peaks were identified baseq upon the
that N-palmitoylglycine is a substrate for PA50BM-3 that well-characterized mass spectrometry fragmentation patterns

binds more tightly and reacts with a higher maximal turnover for silylated fatty acid alcohols, which readily established

number than any fatty acid substrate tested to date. Becauséhe position of the hydroxyl grougB(25). Relative amounts

of its increased solubility in agueous solution as compared pf monohydroxylated products were calculated using the

to the similarly sized fatty acid\-palmitoylglycine reduces integration of the total ion current, which was dominated by

; ; ; v . fragmentation involving the TMS moiety.
many experimental artifacts that plague studies utilizing high .
concentrations of substrate. These properties mike . I;%r sp'\t/lac}'irg_scog(;n;easur(atTe?tz, ﬁ‘%ﬂ)f 7'51“\(.' BM? 10
palmitoylglycine an ideal tool for studies of the BMP/ InM ";) trat L p50 ) Mwas itrate t'WI d?ggu lon o .
substrate complex. We determined the crystal structure of MV substrate in 54 m HCO; in a stired 1.0V cm quartz
the BMPN-palmitoylglycine (BMP/NPG) complex to a cuvette. After addition of each aliquot of substrate, the

much higher resolution than obtained previously with pal- solution was allowed to equilibrate for one minute before
mitoleic acid, allowing us to recognize striking new details the UV—visible absorption spectrum was recorded. The data

of the structural and spin state changes that occur uponfor the apsorbancg at 418 nm minus the absorbancg at 394
substrate binding to the enzyme. nm (tq give a me}X|maI chgnge in absprbance) were f|t.tec.i to
a dilution correcting equation for the bimolecular association
EXPERIMENTAL PROCEDURES reaction to obtain the dissociation constant.
Complex Formation and Crystallizatiorizor complex
General MethodsThe heme-, FMN-, and FAD-binding  formation, BMP (20uM BMP in 50 mM KPi, pH 7.4) was
domains of P450BM-3 were purified as previously described titrated with 10 mMN-palmitoylglycine in 50 mM KCGO;
(6, 9). The concentration of BMP was determined by the to 10% beyond the equivalence point. The extent of
method of Omura and Sat@3). UV—visible spectroscopy = complexation was established by monitoring the changes in
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Table 1: Statistics of Data Collection and Refinement

space group P2,
cell dimensions
c=64.13A,34=98.82

a=59.19 A b=148.36 A,

Haines et al.

a random 5% subset of all data set aside foRga® calcu-
lation. Initial model coordinates were obtained by modifying
the coordinates of BMP complexed with palmitoleic acid
(PDB codelfag )4, 12) by removing the coordinates for

no. of measurements 475 668 the substrate. Rigid-body refinement of the model coordinates
no. of independent reflections 219 080 versus data between 20.0 and 2.5 A was conducted, followed
data range (A) 30.01.65 by a cvele of standard itional and isotronic atomi
Ruerge(%) y a cycle of standard positional and group isotropic atomic
overall 31 displacement parameter refinement. Inspection of electron-
last shell (1.68-1.65 A) 28.4 density maps in the program @Q) allowed a model for
data completeness (%) the substrate to be added. Subsequent cycles of standard
lc;"s‘:r;']'e” %‘;'23 positional and individual isotropic atomic displacement
(o)l ' parameter refinement coupled with cycles of model rebuild-
overall 23.1 ing, modeling of alternate conformations, and addition of
last shell o 19 A solvent molecules were carried out against all data from 30.0
no. of reflections used in refinement 218 743 (301065 A) to 1.65 A. Complete refinement statistics for the structure
no. of non-H protein atoms 7572 . .
no. of water molecules 955 are listed in Table 1.
Ruwork g%) 17.7 Structural AlignmentsStructural comparisons revealed that
Riee (%0) 19.3 only a portion of BMP moved upon substrate binding. As a
rmsd in bond lengths (A) 0.010 :
rmsd in bond angles) 1.52 resglt, our struptgral analyses were conducted using the
meanB value (%) residues comprising the P450 structural cds#) (that do
mainchain 23.4 not undergo substantial movement on substrate binding.
ﬁ'g:;gha'” fg-;‘ Molecule B (as defined in the PDB file) df-palmitoyl-
substrate 30.6 glycine-bound BMP was superimposed on molecule B of
water molecules 37.1 substrate-free BMP (PDB code 1BU7B2 using the
da-coordinate error (A) 0.13 program Swiss PDB viewer3B) unless otherwise noted.

missing residues AZZ?, A228, A459-A470

Molecule B of substrate-free BMP has a more open substrate

B459-B470
no. of alternate conformations 12 access channel tha_n molecule A and t_h_ere_fore show; the
rmsd G, mol A vs mol B (A) 0.25 largest structural differences, thus facilitating a detailed

comparison. For all structural comparisons described in this
the UV—visible spectrum. This solution was then concen- paper, we superimposed residues—3a3, 49-70, 85-100,
trated in an Amicon centriprep-30 concentrator to a final 112-165, 268-380, 388-434, and 439450, which rep-
concentration of 45:M (25 mg/mL). The solution was  resent approximately 62% of the amino acids of BMP. The

stored in small aliquots at80 °C. Initial crystals were grown ~ RMSD for the Gx atoms for this superposition is 0.43 A.
spontaneously at 4C in hanging drop vapor diffusion

experiments by mixing equal volumes of BMP/NPG stock RESULTS
solution and reservoir solution consisting of 18% (w/v) PEG-
3350, 150 mM MgGJ, 100 mM MES, pH 6.0. The crystals Synthesis, Binding, and Metabolism of the New P450BM-3
obtained were not amenable to X-ray diffraction experiments Substrate N-Palmitoylglycin&l-Palmitoylglycine was made
but were useful as seed stock for subsequent microseedingconveniently and in high yield from glycine ahydroxy-
Diffraction quality crystals were obtained overnight after Succinimidylpaimitate according to established methad (
streak seeding of equilibrated drops containing a reducedAssociation of the compound with BMP resulted in a iV
concentration of enzyme (12.5 mg/mL) and a reduced Visible spectral perturbation similar to that caused by fatty
concentration of PEG-3350 (12% (w/v)) in the reservoir. acid substrates (Figure 1). The decrease in absorbance at 418
Crystals were transferred to fresh reservoir solution contain- "M and increase in absorbance at 390 nm is typical for
ing 20% g|ycero| as Cryoprotectant and flash cooled in ||qu|d substrate blndlng to P450s and is indicative of a conversion
propane and then stored in liquid nitrogen until used for data Of the heme iron from the low-spin state to a high-spin state
collection. (13). The conversion appears to be nearly complete upon
Data Collection Diffraction data were collected from a  Saturation of the active site. The change in the-tisible
single crystal at 110 K, using an R-axis IV imaging plate SPectrum was utilized for the determination of the spectro-
System (MSC, Houston, TX) mounted on a R|gaku RU-200 SCOpiC dissociation constaidy, of 262 nM fOI’N-palmitoyl-
rotating anode (Cuk) (Rigaku, Japan) operated at 100 mA glycine. This value is significantly lower than tig of fatty
and 50 kV. BMP/NPG crystallized with the symmetry of @acid substrates, including palmitic acid (from whith
space groufP2; (unit cell constanta = 59.19 A b = 148.36 palmitoylglycine is derived). The dissociation constant for
A, ¢ = 64.13 A, B = 98.82) with two molecules per palmitic acid has been reported to be up to and was
asymmetric unit. All data were processed and scaled in thefound to bind with &g of 2 M under the conditions used
HKL2000 program suite26). Intensities were converted to  in this study. ThusN-palmitoylglycine binds to BMP with
structure factor amplitudes and placed on an approximate@bout an order of magnitude increased affinity.
absolute scale by the program TRUNCATE from the CCP4  Addition of 15 nM P450BM-3 to a solution of 100M
package 27, 28). Data collection and processing statistics NADPH and 100uM N-palmitoylglycine resulted in the
are summarized in Table 1. rapid oxidation of NADPH to NADP. We found that
Crystallographic RefinemeriRefinement of the structure  extensive preequilibration of dilute solutions of enzyme with
was carried out in the program package CNS 29 (vith N-palmitoylglycine or palmitic acid resulted in partial
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Ficure 1: Titration of BMP withN-palmitoylglycine. 7.5«M BMP ) o ] )
in 50 mM KPi pH 7.4 was titrated with aliquots of 10 mM  slightly away from thev-end with increasing fatty acyl chain

N-palmitoylglycine in 50 mM KCOs as described in Experimental  |ength @, 16, 36, 37). The distance from the carboxylate to
o o i o sach o e Bem e s chgeapoaral (TE0-Ca1bon o thefaty acid maiety i N-palmitoyglycine
data to a model assuming a?single binding site, resultingﬂgm‘ is similar to that_for a C19 fatty acid (Scheme _1)' Qonse-
262 NM. qguently, one might expect the product distribution to
resemble that of a C19 fatty acid. Unexpectedly, the product
1.0e46 distribution is indistinguishable from that of palmitic acid
itself under identical conditions, suggesting that the reactive
end of the alkyl chain binds in a manner identical to palmitic
B acid.

Major Structural Changes Upon Substrate Bindinge
determined a new substrate-bound structure of BMP at a
00 s ‘ . . higher resolution and with a lower associated coordinate error

12 13 14 15 16 as compared to the BMP/PA compleb?y, allowing a more

Retention Time (min) detailed analysis of the changes that occur upon substrate
binding. Statistics for the refined structure appear in Table

7.5e+5 A

5.0e+5 A

Starting material
2

2.5e+5 A

Total lon Current

Ficure 2: Chromatogram of P450BM-3 catalyzed products of
N-palmitoylglycine. Product extracts with approximately 50%

conversion to products were prepared and silylated with BSTFA/  BMP can be divided into two domains, one composed
TMCS as described in Experimental Procedures. This solution Wasprimarily of a-helices and one composed primarily of

tshhig 'Qiﬁﬁtn?g.'mo an HP GCD mass spectrometer containing a Hp'ﬁ-sheets. Two helices and a four-helix bundle form a core

that is found in all P450 enzyme38). The highly conserved

inactivation of the enzyme. This may be due in part to Thr268, which has been shown to play an important role in
dissociation of the FMN cofactor from the FMN-binding catalysis (as will be discussed in detail later), is located in
domain, as it has been shown that the FMN cofactor has ahelix I, a component of the four-helix bundle. This residue
dissociation constant of 31 nM in aqueous solutid)( is located near the distal face of the heme ring to one side
Dissociation of the FMN cofactor would also exp|ain the of the iron. In all P450 structures that have been determined
observed nonlinear dependence of the maximal reactionto hlgh reSOlUtiOﬂ, a water molecule has been identified inside
Ve|ocityvmaxon enzyme ConcentrationS, which is particu|ar|y the I-helix near this location. This water molecule is inserted
apparent at concentrations smaller than 100 nM. This into the normal hydrogen bond network of the helix backbone
complication prevents the direct comparison of turnover (although the exact location varies slightly from P450 to
numbers obtained using different enzyme concentrat@)s (  P450) at a break in the helix where the helical groove is
The rate of NADPH consumption was independent of expanded in size. This break results in a slight kink of the
substrate concentration under the conditions used in this studyhelix. The size and direction of the angle between the two
and resulted in a turnover number fikpalmitoylglycine  halves varies among the different P450 enzymes.
of 3200 mol min! (mol of enzyme)?!, 43% faster than Our structure of the BMP/NPG complex resembles the
palmitic acid under identical saturating conditions. previously determined BMP/PA structure in terms of major
The enzymatic oxidation ofN-palmitoylglycine was protein conformational changes upon substrate binding.
repeated on a larger scale and the products were extractedrigure 3 shows the displacement of thet @oms upon
silylated, and analyzed by GC-MS. The compound was con- binding of N-palmitoylglycine to BMP as compared to
verted to three major products as observed in the chromato-substrate-free BMP (molecule B of PDB entry1BU7). The
gram (Figure 2). The products were identifiable by their mass Ca atoms of the structural core superimpose with an rmsd
spectra as the-1, w-2, andw-3 monohydroxylated com-  of 0.43 A. The largest group of residues that differ
pounds based on the well-established cleavage patterns fosubstantially are located in the “lid domain” of the substrate
silylated hydroxy-fatty acidsg( 25). It has been established access channel, which consists of the F and G helices and
that PA50BM-3 catalyzes the subterminal alkane hydroxyl- the loop between them. The-Belix is in intimate contact
ation of fatty acids, typically at these three carbons but with with the G-helix and therefore moves with the lid domain.
the major product and overall product distribution shifting Changes in other residues are isolated and are frequently
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0:"‘ \. ..F'G Loop

Bulk % 4
Solvent '

Ficure 3: Movement of the backbone atoms upon substrate binding
to BMP. The displacement of theaCatoms was converted to a
color scale (dark blue corresponding to the smallest displacement
and dark red corresponding to the largest displacement) and used
to color the ribbon diagram. The heme is in the center of the figure
and theN-palmitoylglycine substrate is above it; both are depicted
as space-filling CPK models. This figure and Figure 6 were prepared
with the programs Molscript5l) and Raster3d4(7).

i Bulk
located in solvent-exposed turns between secondary structure B _ 3 __ Solvent
elements. - —\

BMP traps substrate molecules in the active site through : _ N\ ; g *
a clam shell movement that involves the lid domain, the B : ) e P |

helix, and the amino-terminal portion of the molecule [the
“substrate-docking region”3(, 39)] (Figure 3). The lid
domain exhibits a rocking motion with the I-helix as a
fulcrum as well as a lateral movement toward the carboxy-
terminal end of the I-helix. The substrate-docking region [
undergoes a complementary movement and slides toward the |
loop between the F and G helices. Overall, these movements
appear to position the substrate molecule in the active site
for the following steps in the reaction.

BMP features a large channel that extends through the
entire molecule. The first portion of this channel contains
the primarily hydrophobic substrate access channel and
originates near the loop between the F and G helices and

the substrate docking region (Figure 4A), narrows as it nearstransparent surfaces. Hemd;palmitoylglycine, and waters are

the heme iron and makes an abrupt turn perpendicular toshown in CPK space-filing representation. The channels are
the plane of the heme. The channel then exits on the distalaccessible to bulk solvent at the positions indicated. The waters

face of BMP near Glu267. In the absence of substrate, theshown explicitly are accessible to the substrate channels but for

substrate access channel is filled with solvent molecules. ThisClarity are not covered by the transparent surfaces. These figures
were prepared with the programs Molscriptl), Raster3d %2),

state is referred toas the “open” conformati@8)(of BMP. and Grasp%3). (A) Substrate-free BMP. (B) BMREpalmitoyl-
In crystallographic studies, between 17 and 21 ordered waterglycine complex; the substrate is colored light blue.

molecules have been observed in the substrate access
channel, depending on the definition of its extent. It should water from the central hydrophobic channel are expected to
be noted that this channel is partially blocked in monomer be thermodynamically favorable. Once substrate is bound,
A in substrate-free BMP (PDB entry1BU7), indicating that the active site region is sealed off from bulk water, which is
the channel exhibits pronounced plasticity. a necessary prerequisite for efficient substrate oxidation.
Binding of N-palmitoylglycine to BMP leads to the Interactions between N-Palmitoylglycine and BMP- N
expulsion of most solvent molecules from the central channel Palmitoylglycine binds to BMP in a similar fashion as
and the closing of the channel exit (Figure 4B). In our BMP/ palmitoleic acid. Because the hydrogen bond between Tyr51
NPG structure, only three water molecules are present. One(Figure 5) and the fatty acid carbonyl is retained in both the
is near the heme iron and will be discussed in detail below. BMP/NPG and BMP/PA complexes, the carbon atoms of
The other two water molecules are located in appendices totheir alkyl chains are in similar positiondd). The only
the substrate access channel. Substrate binding is probablylifferences result from saturation of the double bond«at
driven in part by solvent effects as both desolvation of the of palmitoleic acid. As a consequence, thend of the fatty
alkyl portion of the fatty acid moiety and displacement of acid of theN-palmitoylglcyine molecule extends approxi-

Ficure 4: The substrate access channels of BMP, depicted as
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A change in the conformation of the I-helix is accompanied
by changes in ordered water molecules within the helix
backbone. The normal hydrogen bonding pattern of the
backbone residues of the I-helix is interrupted in the
substrate-free form by a water molecule that is inserted
between the 11e263Glu267 and the Ala264Thr268 car-
bonyl oxygens and backbone amides. The helix has°a 13
kink centered on this interruption. When substrate is bound
this water molecule is absent, permitting the formation of
the 11e263-Glu 267 hydrogen bond. A water molecule
(WAT501) is present in a new position (Figure 6) that retains
the interactions with the Ala264 carbonyl and now hydrogen
bonds to the Thr269 side chain and amide NH. One result
of this rearrangement is that the I-helix in the substrate-bound
form now deviates only Sfrom linearity.

This rearrangement in the I-helix causes the displacement
FicURe 5: The hydrogen bond network in the carboxylate binding of the water molecule that fills the sixth coordination site of

pocket and interactions with-palmitoylglycine. Hydrogen bonds the heme iron. The structural changes in the I-helix result in

are drawn as green dashed cylinders. Carbon atoms are colored 1.7 A shift of the Ala264 carbonyl away from the heme
white, oxygen is red, and nitrogen is blue. This figure was prepared iron (Figure 6). This shift allows the heme water ligand

in the programs Swiss PDB VieweB3) and POV Ray (http://  (WAT500) to shift concurrently and interact with the side
Www.povray.org). chain of Thr268 resulting in an essentially planar hydrogen
mately one angstrom farther into the enzyme cleft than bond network involving the two water molecules, the
palmitoleic acid. The conservation of the binding mode for carbonyl oxygen of Ala264, and the Thr268 hydroxyl. As a
the alkyl portions of the substrates explains the retention of result, WAT500 is located above and displaced in a direction
substrate specificity from palmitic acid Mpalmitoylglycine. parallel to the heme plane and off to the side of the iron,
N-palmitoylglycine establishes polar interactions with the where oxygen will bind upon reduction. The close proximity
amino terminus of the Bhelix that are not present in the of this ordered water molecule to the oxygen binding site
BMP/PA complex. The glycine carboxylate group forms two suggests it will play a vital role in later mechanistic steps.
hydrogen bonds with the backbone nitrogen atoms of GIn73
axd Aga74, thereby bridging the substrgte access channell:)ISCl‘JSSIOI\I
between Tyr51 and the'Bielix. The B-helix is shifted by The results presented herein establish the BMP/NPG
less than 0.3 A from the position in the BMP/PA structure. complex as a powerful tool for the study of cytochrome P450
The negatively charged end of the substrate is closer to themechanism. The primary model system for P450 structure
B'-helix, which allows a more favorable electrostatic interac- and mechanism has been P450cam; however, the structural
tion with the helix dipole moment. These features of changes accompanying substrate binding and catalysis in
N-palmitoylglycine likely explain its increased binding P450cam are not representative of those occurring in
affinity. P450BM-3 and the clinically important eukaryotic class Il
The importance of Arg47 for substrate binding to P450s. The novel high-affinity PA50BM-3 substrdtke
P450BM-3 has been noted, but its exact role is unclear. In palmitoylglycine, with its favorable biochemical properties,
our BMP/NPG crystal structure, the Arg47 guanidinium now opens new avenues for investigating structure and
group is 4.5 A from the carboxyl group of the glycine moiety, mechanism of the more complex class |l P450s.
similar to the BMP/PA complex where the distance to the  Our structural study of BMP/NPG provides extensive
substrate carboxyl group is about 5.2 22). The difference insight into the function of P450BM-3. First, it reveals that
between these distances is within the experimental error ofsubstrate binding effects a change in heme iron spin state
the BMP/PA structure. As the authors note, this distance is and closes a solvent-accessible channel via a protein con-
too long for an efficient electrostatic interaction. Instead of formational change that behaves as a molecular switch.
stabilizing the bound state of the substrate, Argd7 may be Second, the existence of the water molecule near the heme
important for the kinetics of the association reaction, e.g., iron in the substrate bound form provides an explanation for
for electrostatic steering or in transient bound states that existobserved variations in the low-spin high-spin equilibrium in
as intermediates between the uncomplexed and observedhe substrate bound state. Finally, the localization of this
complexed form. This hypothesis is supported by the fact water at the site where oxygen will bind after enzyme
that the charge-reversed Arg47Glu mutant results in about areduction provides the clearest picture to date of the proton
3-fold decrease in the affinity of BMP for palmitate but a donors required for scission of dioxygen.
7-fold decrease iy, although some controversy exists on A Substrate-Binding Induced Molecular Switclihe
these resultsi(7, 18, 40). changes in protein structure between the free and substrate
Active Site Rearrangemerfbubstrate binding to BMP is  bound states can be described as a molecular switch that
accompanied by rearrangements of pivotal water moleculeshas clear functional significance beyond substrate recogni-
and the hydrogen bond network in the active site region. tion. The changes greatly reduce solvent access to the enzyme
Details of this rearrangement are now recognizable due toactive site, alter heme iron reduction potential via a change
the significantly higher resolution of our BMP/NPG structure in heme iron ligation, and leave the sixth coordination site
as compared to the BMP/PA complex. of the heme iron available for molecular oxygen.
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A

FiGURe 6: (A) Simulated annealingR2 — F. omit map (contoured atd) in the region of WAT500 and WAT501. (B) Water binding sites

in the substrate cavity superimposed to residues 264 to 268 of the substrate-free and BMP/NPG complex. Shown in pink is a stick model
for the BMP/NPG complex, in green is the substrate-free complex, in gray is the heme, and in bludligatneitoylglycine substrate.
Hydrogen bonds for the BMP/NPG complex are drawn as black dashed lines, and for the substrate-free in gray. Side chains for residues
265 to 267 were removed for clarity. Oxygen atoms are colored red, nitrogen atoms are blue and iron atoms are brown.

Destabilizing steric interactions with protein or substrate in this arrangement. A new water binding site, the “H-site”
do not drive the displacement of WAT500 from the heme (the heme iron is 5-coordinate and high-spin in this arrange-
iron. Examination of the structure reveals that the substratement), is formed nearby that is stabilized by hydrogen bonds
does not approach closely enough to the water molecule toto Ala264 and Thr268. The L-site and H-site are too close
displace it directly. Only the atoms of the Phe87 side chain together to both contain water molecules simultaneously, so
approach the ligand site closely enough to interfere with the WAT500 preferentially occupies the higher affinity H-site
heme iror-water interaction. In the Phe87Ala mutant, where leaving the lower affinity L-site empty as observed in the
this phenyl ring has been removed and cannot displace theBMP/NPG structure.
water molecule, the heme efficiently undergoes a nearly The net effect is that of a molecular switch, where substrate
complete low-spin to high-spin conversion comparable to binding converts the enzyme from a form with low catalytic
wild-type enzyme upon saturation with lauric aciil) or competence to a form with high catalytic competence. The
N-palmitoylglycine (our laboratory, unpublished results). The protein rearrangement restricts the access of bulk solvent to
lack of destabilizing interactions suggests the formation of the active site, opens the sixth coordination site of the heme
a higher affinity site for the water molecule. iron so that oxygen can bind after enzyme reduction, and

Examination of the substrate bound structure supports achanges the heme iron to high-spin. Restricting solvent access
mechanism where substrate binding provides the driving to the site where the active oxidant will be generated is
force for a protein rearrangement that causes the generimportant in protecting it from undesirable side reactions.
ation of the high affinity WAT500 binding site. Prior to  The change to high-spin lowers the reduction potential,
substrate binding, this water molecule is stabilized by the making the heme iron easier to reduce. This modulation of
ligand interaction with the heme iron and a hydrogen bond reduction potential has been postulated to provide a partial
to Ala264. After substrate binds and the resulting rearrange-“gating” mechanism that increases the efficiency of usage
ment in the I-helix causes Ala264 to withdraw away from of reducing equivalents by preventing the reduction of
the heme iron, the water would only have the ligand enzyme that is not catalytically competent due to the lack
interaction to hold it in place. We will refer to this binding of bound substrate3(). Overall, the changes prepare the
site as the “L-site”, due to the heme iron’s low-spin nature enzyme for later steps in catalysis.



Structure of a P4ASBMP/N-Palmitoylglycine Complex Biochemistry, Vol. 40, No. 45, 200113463

Competition between WAT500 Binding Sites Determines mechanism15, 44). Experiments on the equivalent residue
the Low-Spin:High-Spin Equilibrium in the Substrate Bound in P450cam have established that coupling (efficient use of
State.Our structure of BMP complexed tg-palmitoylgly- electrons for substrate hydroxylation without generation of
cine explains certain enigmatic observations of the spin statereactive oxygen species) requires the hydrogen bond accept-
distribution in some forms of the enzyme. Resonance Ramaning side chain oxygen4@). Coupling does not require the
studies of P450BM-3 have demonstrated that in the presenceexchangeable proton at the threonine side chain position, and
of saturating concentrations of substrate, an equilibrium exists catalytic activity is affected by but not strictly dependent on
between the five-coordinate, high-spin and the six-coordinate, its presence4p). Similar effects have been observed for the
low-spin states 14). Varying small amounts of low-spin  conserved threonine (Thr268) in P450BM-3. Mutation of
heme iron, depending on the fatty acid substrate used, areThr268 to alanine reduces the rate of lauri&d)( and
present even in the absence of any detectable substratarachidonic acid X5) oxidation. Concomitant with the
dissociation or photoreduction. In the Thr268Ala mutant of decrease in substrate hydroxylation rate is a loss of coupling
P450BM-3, about 40% of the enzyme remains in the low- efficiency [16% coupling for lauric acid oxidatiod4), 9%
spin state when complexed to arachidonic adig).(These for arachidonic acid oxidationlg)].
results can now be simply explained by an equilibrium  The importance of ordered water molecules and hydrogen
existing between the L- and H-sites, such that in the wild bonding networks in the active site of P450s is underscored
type enzyme the H-site is not exclusively populated but doesby studies on P450eryf. Although P450eryf lacks the
heavily predominate. The two sites cannot be populatedthreonine that forms part of the binding site for both
simultaneously due to their close proximity to each other WAT500 and WAT501 in the BMP/NPG structure, it
and no structural barrier exists that would prevent a water features two active site waters in equivalent positions as
molecule from making the short transition from one site to observed in the structure of P450eryf in complex with its
the other. In the Thr268Ala mutant, the additional hydrogen natural substrate 6-deoxyerythronolide B (PDB code1OXA)
bond is not available to stabilize the water molecule at the (46, 47). Structural and kinetic analyses show that the role
H-site, thus the equilibrium is shifted toward the L-site. of the side chain of Thr268 in BMP is taken over in P450eryf

The dependence of the relative affinities of the two sites by a substrate hydroxyl group, resulting in exquisite substrate
on the exact position of Ala264 and the structure of the specificity @7, 48). Introduction of an active site threonine
I-helix provides a potential structural coupling from the active into P450eryf through mutagenesis confers the ability to
site to the surface of the enzyme. It has already been observeaxidize many alternate substrate®). Also, mutants that
that the position of the surface exposed carboxy-terminus perturb the solvent structure in the active site decrease the
of the I-helix changes position simultaneously with the catalytic activity of P450eryf and increase uncouplibg)(
change in position of Ala264 during the binding of substrate. ~ Consistent with the studies on P450eryf and P450cam, our
Resonance Raman studies on both the isolated heme domaistructure reveals that the role of the conserved threonine is
and the heme domain still fused to the reductase (FMN) primarily to interact with water molecules near the oxygen
domain have shown that, in the substrate-bound state ofbinding site in P450BM-3. In the oxidized substrate bound
P450BM-3, the presence of the FMN domain increases thestructure, the H-site is stabilized by interaction with this side
fraction of the six coordinate, low-spin state of the heme chain. Although no determination can be made as to which
iron (14). The FMN domain binds to the loop region is the hydrogen bond donor and which is the acceptor from
(Gly240—-Asp250) that immediately precedes the I-helix in the structural data, if P4A50BM-3 is active in the absence of
P450BM-3 (32). It was proposed that an increase in solvent the exchangeable threonine proton as in P450cam the
accessibility of the heme-binding pocket caused by the threonine is most likely the acceptor. The 1.7 A movement
presence of the FMN domain could account for the change of the axial water ligand upon binding of substrate does not
in the spin state equilibrium. Instead, because our structuralallow room for molecular oxygen to bind to the heme iron.
data suggest that the spin state equilibrium is determined byThe water molecule must either be displaced by molecular
the partitioning of the central water molecule between the oxygen (or by CO in CO bound reduced enzyme) or it must
L- and H-sites, binding of the FMN-domain may in fact move beyond the van der Waals radius of the liganded
indirectly destabilize the H-site. This destabilization could oxygen atom for catalysis to proceed.
be due to a structural coupling between the FMN-binding ~ An examination of reaction intermediate structures for
site and the H-site transmitted through the I-helix. P450cam sheds light on the possible role of this water-

Proton Transfer during Dioxygen Scissiorhe rearrange-  binding site in proton donation during catalysis for P450
ment of water molecules near the heme iron upon substrateenzymes 10). The structures of BMP/NPG and the reduced,
binding provides new insights into the mechanism ef@ oxygen- and substrate-bound P450cam are nearly identical
bond scission. P450 enzymes produce a powerful electronin the vicinity of the conserved threonine side chain even
deficient ferryl oxidant by heterolytic cleavage of the-O though they differ substantially in their substrate-free forms.
bond in the two-electron-reduced oxygen-bound enzyfe ( In P450cam, two water molecules are observed in the one-
The accompanying buildup of negative charge on the distal electron reduced, oxygen bound structure that were not seen
oxygen atom has to be stabilized. One of the proposedin structures of earlier reaction pathway intermediates. One
mechanisms for the charge stabilization is the donation of of these water molecules (WAT902) is located in the I-helix
two protons. It has been suggested that these protons couldn a position very similar to the BMP/NPG WAT501. The
be delivered through a proton-transfer cascade from bulk other (WAT901) is located within hydrogen bonding distance
solvent to the oxygen via the side chain of Thr2@8)( to the carbonyl of Gly248 (the equivalent of Ala264 in BMP)

This threonine is well conserved in P450 enzymes and and the side chain of the conserved Thr252 similar to BMP/
has been shown to play an important role in the catalytic NPG WAT500 but is displaced away from the heme relative
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to the WAT500. The distal atom of heme bound dioxygen 10. Schlichting, I., Berendzen, J., Chu, K., Stock, A. M., Maves,

occupies the BMP/NPG WAT500 site and is within hydrogen
bonding distance of WAT901. This water is proposed to play
arole in proton donation to the dioxygen. In the subsequent
P450cam reaction pathway intermediate, where a second
electron was added and oxygen bond scission occurred, a
water molecule is seen near the distal oxygen atom site in a
position now nearly identical to that of WAT500 in BMP/
NPG. In this post-scission structure, ordered water molecules
are no longer observed in the WAT901 and WAT902 sites.
Examination of the BMP/NPG structure reveals that there
is a vacant cleft in the region analogous to the WAT901
site of P450cam that is large enough to accommodate a
movement of WAT500 upon binding of oxygen. These
structural similarities suggest that the active oxidant is
generated by the same mechanism in BMP as in P450cam.

The possible interaction between WAT500 (or WAT901)
and the heme bound dioxygen could serve to promote the
heterolytic cleavage of the ©0 bond. The potential
hydrogen bond that this water could donate to the distal
oxygen atom would serve to stabilize the buildup of negative
charge. One clear role for this water molecule would be the
donation of at least one of the two requisite protons to the
distal oxygen. This may be an important feature in the
generation of the extremely electron deficient oxidant gener-
ated in P450 enzymes. Finally, the ability of the enzyme to
sequester the product water molecule in the WAT500 binding
site as observed for WAT902 in P450cam would be an
important step in protecting the highly active oxidant once
it is formed.

The structural features of the BMP/NPG complex pre-
sented herein reveal important insights into the early steps
of catalysis in P450s. We expect the BMP/NPG complex to
be a valuable tool for studying later steps, e.g., the nature of
the mechanistic intermediate that actually carries out scission
of dioxygen. Upon anaerobic reduction, our BMP/NPG
crystals crack. This observation is consistent with a confor-
mational change occurring upon reduction, as implicated by
NMR studies and the unreasonably long—sebstrate
distances in the two substrate complex structutds 12).
Attempts to crystallize the complex under anaerobic condi-
tions are underway, as are attempts to cocrystallize the BMP/
NPG complex with the FMN-binding domain.
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