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ABSTRACT: A protein fragment of P450BM3 (residues-784) which participates in palmitoleate binding

was subjected to scanning chimeragenesis. Amino acid84373-78, 75-80, and 78-82 were replaced

with the homologous fragments of the insect terpenoid hydroxylase CYP4C7. The four chimeric proteins,
C(73-84), C(73-78), C(75-80), and C(7882), were expressed, purified, and characterized. All the
chimeric proteins contained all the cofactors and catalyzed monooxygenation of palmitate and of the
sesquiterpene farnesol. Chimeragenesis altered substrate binding as shown by the changes in the amplitude
of the palmitate-induced type | spectral shift. C{/&2) had monooxygenase activities close to those of
P450BM3, while the rest of the chimeric proteins had monooxygenase activities that were inhibited relative
to that of wild-type P450BM3. The extent of inhibition of the chimeric proteins varied depending on the
substrate, and in the case of C{7&4), farnesol and palmitate oxidation was inhibited by 1 and 4 orders

of magnitude, respectivelyH NMR spectroscopy and GE@VS were used to identify products of farnesol

and palmitate oxidation. Wild-type P450BM3 and all chimeric proteins catalyzed oxidation of farnesol
with formation of 9-hydroxyfarnesol and farnesol 10,11- and 2,3-epoxides. Three of the four chimeric
proteins also formed a new compound, 5-hydroxyfarnesol, which was the major product in the case of
C(73-78). In addition to hydroxylation of the C13C15 atoms, the chimeric enzymes catalyze significant
hydroxylation of the C16-C12 atoms of palmitate. In the case of C{7@), the rates of formation of 11-

and 12-hydroxypalmitates increased 7-fold compared to that of wild-type P450BM3 to 106 and 212 min
respectively, while the rate of 10-hydroxypalmitate synthesis increased from zero to 106 ios,
chimeragenesis of the region of residues-83 of the substrate binding site shifted the regiospecificity

of substrate oxidation toward the center of the farnesol and palmitate molecules.

Cytochromes P450 comprise a superfamily of enzymes the cofactors, heme, FAD, and FMN, required for catalysis.
(1) that metabolize a wide range of structurally diverse P450BM3 catalyzes hydroxylation of fatty acids with rates
substrates and catalyze dozens of chemical reactions, manyt(?—10° times higher than the rate of catalytic turnover of
of which are of biotechnological intere@4). The diversity most eukaryotic P450 enzymeS).( Moreover, P450BM3
of substrates and reactions that are catalyzed attracts theatalysis is tightly coupled: the stoichiometry of fatty acid
attention of researchers to P450 proteins as potentialhydroxylated to NADPH consumed is close to 1 under both
templates for genetically engineering enzymes with new steady state and single-turnover conditioBs-10). This
substrate specificity, regiospecificity, and/or stereospecificity highly efficient catalysis makes P450BM3 an ideal enzyme
of catalysis. for use in biotechnology. However, due to relatively narrow

Cytochrome P450BM3is a soluble fatty acid hydroxylase  substrate specificity and regiospecificity, potential biotech-
of Bacillus megateriung5; see also review§ and7). The nological use of P450BM3 will require tailoring by genetic
single-polypeptide enzymé/ = 119 000) consists of two  engineering 11).
distinct domains, heme and flavoprotein, and contains all  Most of the previous attempts to alter the substrate
specificity of PA50BM3 dealt with mutagensis of individual
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Table 1: Mutagenic Primers Used for Chimeragenesis of PA50BM3

chimera primer
C(73-84) CTTAAGTTACGAGTACAGCTTTCTATTTCCCTGGCTGGGTACAGGGTTATTTACAAGCTGGACGC
C(73-78) CTTAAGTTACGAGTACAGCTTTCTACGTGATTTTGCAGGAGACGGGTTATTTAC
C(75-80) CTTAAGTCAAGCGTACAGCTTTCTATTTCCCTTTGCAGGAGACGGGTTATTTACAAGC
C(78-82) CTTAAGTCAAGCGCTTAAATTTCTATTTCCCTGGCTGGGTGACGGGTTATTTACAAGCTGGACGC

amino acid residues or several residues located in differentsequences are listed in Table 1, and Figure S1 of the
structural elements of the enzyme. Mutagenesis of a numberSupporting Information shows the cloning scheme for
of residues of the heme domain of P450BM3 altered the P450BM3 chimeragenesis. The primers were designed to take
affinity for substrates, turnover rates, and regiospecificity of advantage of the uniquilll restriction site located upstream
fatty acid hydroxylation 12—17). Directional or rational of the replacement fragment. ThilIl site was used for
evolution has recently been applied to P450BM8~21). further cloning of the PCR products. A reverse primer (gct
In these studies, replacement of eight amino acids of thetca ccg cgg tca gcg) was used for all of the PCRs. Each
substrate access channel resulted in several enzyme variant®NA amplification reaction was carried out as follows: 1
with novel catalytic activities. A “molecular Lego” approach min at 94°C, annealing for 1 min at 51C, and extension
has also been applied, in which CYP2E1, starting from for 1.5 min at 72°C, for 25 cycles, followed by extension
residue 81, was fused between the first 54 amino acids andfor 5 min at 72°C. The purified 1.6 kb PCR product was
reductase domains of P450BM32j. The resulting clones ligated into the pCR 2.1 TA cloning vector (Invitrogen) to
expressed protein with P450-like properties, but the catalytic produce TA-PCR. The clones with the correct insert size
function was not characterized. were sequenced to confirm the presence of the sequence
The structures of the heme domain of P450BM3, also specific for CYP4C7. Clones with thg&st restriction site of
called BMP, with and without a bound fatty acid substrate, the TA vector located downstream of the PCR product were
have been determine@3, 24). The structure with palmi-  used for further cloning.
toleate bound revealed a number of protein fragments that A fragment of DNA of 240 bp between thlll and Munl
form the substrate binding pocket and amino acid residuesrestriction sites contained the desired substitution and needed
that contact the fatty aci®4). No systematic studies on the to be inserted into the wild-type P450BM3 gene. However,
structure-function relationships of the protein fragments of direct insertion of this fragment into ppsBM3 was unsuc-
the substrate binding pocket and/or of the catalytic site have cessful, and thus, a different cloning protocol was used. The
been carried out. This warranted a detailed investigation into 1.6 kb fragment obtained after restriction of TA-PCR with
the role of the individual fragments of the catalytic site in  Aflll and Sst was cloned into the pbsBM3 expression vector
determining the substrate and catalytic specificity of PAS0BM3. that had been pretreated with the same restriction enzymes
Here we report application of the “scanning chimeragenesis” to produce the pBM3-C1 clone. This was treated Wilimnl
approach in studying the roles of individual structural and Sst enzymes, and the resulting 1.4 kb fragment was
elements that determine the substrate specificity and inreplaced with the 3.0 kb fragment from the wild-type pbs-
engineering enzyme v_ariant; with new catalytic activities. BM3 to produce the pBM3-4C7 protein expression vector.
In this approach, amino acids 784 of the P450BM3 Expression and Purification of the BM3C7 Chimeric
substrate binding site was replaced with the homologous EnzymesExpression of the chimeric proteins was carried
fragment from another cytochrome P450 enzyme, CYPA4CY. ot ‘under control of the P450BM3 natural promoter, as
CYPACY, the insect enzyme catalyzing regio- and ste- described for wild-type P450BM327). Briefly, a 5 mL
reospecific hydroxylation of farnesol to produce B}2-  overnight culture was used to inoculate 500 mL of LB
hydroxyfarnesol 25), was chosen for chimeragenesis of medjum containing 5@g/mL ampicillin, and cultures were
P450BM3. The choice was determined by the fact that jhcupated fo 8 h at 37°C at 200 rpm. The temperature was
P450BM3 also catalyzes oxidation of farnesol, but the two gecreased to 36C, and the cultures were incubated for an
enz_ymes_form _different products. In this study, we replaced additional 16 h at 150 rpm. The cells were harvested and
amino acid residues 734, 73-78, 75-80, and 78-82 of washed with Tris-buffered saline. The cell pellets were pink,
the PA50BM3 substrate binding site with the corresponding syggesting expression of the hemoprotein. A Western blot
fragments of CYPAC?. Four functional PASOBMBYPAC7 ~  of the whole cells with anti-P450BM3 antibodies revealed
chimeric proteins with altered substrate binding and catalytic expression of the full-size protein. The chimeric proteins were
properties were expressed, purified, and characterized. Reacpyrified according to the protocol described for wild-type
tion products with palmitate and farnesol were identified by p450BM3 7).
GC_MS. andll—! NMR spectroscopy. Chl_meragene5|s Sh'fte.d Activity Assays Palmitate hydroxylation was carried out
the regiospecificity of monooxygenation and resulted in essentially as described previoustoy. Briefly, 500 uL

the formation of new products not seen with wild-type . -
) : samples contained 100M NADPH, 250uM palmitate, and
P450BM3: 10-hydroxypalmitate and 5-hydroxyfarnesol. an NADPH regenerating system consisting of 2 mM glucose

6-phosphate and 2 units/mL glucose-6-phosphate dehydro-
EXPERIMENTAL PROCEDURES genase in 0.1 M Tris-HCI buffer (pH 7.7). The reactions were

Genetic Engineering of the Chimeric P450BM3 Proteins. started by enzyme addition, and the mixtures were incubated
PCR was carried out using the pbsBM3 vecta6)(that for 2060 s with P450BM3 or for 210 min with the
harbors the coding sequence for PA50BM3 as a template.chimeric proteins. The reaction was stopped by the addition
Mutagenic primers used to introduce the CYP4C7-specific of 200 uL of 1.0 N HCI. Fatty acids and reaction products



Chimeragenesis of Cytochrome P450BM3 Biochemistry, Vol. 43, No. 7, 2004L773

were extracted with 2.5 mL of diethyl ether and methylated calculated on the basis of the protein content using a
with diazomethane. Methyl esters were separated by GC-molecular mass of 119 000 D&)(
FID using a 12 m DB-1 capillary column (J&W). The
reaction rate was calculated on the basis of the integratedRESULTS AND DISCUSSION
peak areas of the product formed and substrate remaining.
A similar procedure was used to assess farnesol oxidation,
except 10uM farnesol was used and the incubation time
was varied from 2 to 15 min. At the end of the incubation
1.0 mL of the reaction mixture was applied on a 209
C18 solid-phase extraction column. The column was washed
with 2 mL of water, and farnesol and reaction products were
eluted with 1.0 mL of methanol. The eluate was directly
analyzed by GC-FID as described above for palmitate
hydroxylation.
Identification of Products of Oxidation of Farnesol and

Site of Chimeragenesi€YP4C7 was shown to catalyze
regio- and stereospecific hydroxylation of farnesol to produce
(10E)-12-hydroxyfarnesol as a major produ). As shown
" below, P450BM3 catalyzes oxidation of farnesol with
formation of 9-hydroxyfarnesol and 2,3- and 10,11-epoxy-
farnesols. The availability of the two enzymes that catalyze
monooxygenation of farnesol to produce different products
prompted us to develop and apply a new approach to altering
the substrate specificity of PA50BM3, scanning chimeragen-
esis. The structure of the BMfpalmitoleate complex24)

. . ; was used to determine which fragments of the protein are
Pamitate Synthesis of the reaction products for NMR involved in substrate binding. Amino acids of BMP located

analysis was carried out in 16@00 mL reaction mixtures L . .
containing 200uM farmesol, 1004M NADPH, 5 mM within 7 A of thebound fatty acid were mapped (Figure 1,
bold residues). These are the fragments of the protein

E;Jdcrgzeeniggozegatg—,ﬂlg :I?Altspszngul\jgsg-rG;Jpnheosop;hﬁ: desnolecule that are likely to participate in substrate recognition

chimeric proteins. The reaction progress was monitored by and binding. Indeed, participation of some of these residues

GC-FID. When complete conversion of farnesol was achieved,In substrate binding has been identified by site-directed

-~ mutagenesisi@—17).
nonpolar compounds were separated from the reaction . .
mixture by solid-phase extraction using C18 solid-phase Figure 1 also shows a sequence alignment of CYPACY

extraction columns (Burdick and Jackson). Before sample 2nd P450BM3 generated with the GAP program of the GCG
application, the columns were washed with methanol and package. Significant deviations in the N-terminal regions are

water. After sample application, the columns were washed ex%lalnefd by two factlors. Fwst,fthe tho N-termblnal amlnoh
with water, and the reaction products were eluted with 2€ids of microsomal P450s form the membrane anchor,

methanol. The eluates from several columns were pooIed,WhiCh is not present in PAS0BMS3. _S.econ.d, this region
dried under vacuum, and dissolved in deuterated methanol £NCOMpasses the first substrate recognition site (SRS) thought
(CDOD was chosen to avoid the presence of DCI, which to determine the substrate specificity of cytochrome P450
might open epoxides, if CDgMere used.) NMR spectra  €nzymes &1), and is expected to vary significantly for
have been reported for some of the oxidation products, but€NZymes with different substrate specificities.

recorded at 500 and 600 MHz on Bruker AVANCE DRX- acid binding site. In this study, we chose the fragment of
500 and DRX-600 NMR spectrometers. P450BM3 corresponding to amino acids 34 to be

Essentially the same procedure was used for preparationePlaced with amino acids 97108 of CYPAC7. This
of the products of palmitic acid oxidation for analysis by fragment contributes to the fqrm.atlon of almo_st two-thirds
GC—MS. The reaction products and unreacted palmitic acid Of the length of the substrate binding channel. Figure 3 shows
were isolated from the reaction mixture using C18 solid- the four designed chimeric proteins, with 10 or fewer amino
phase extraction columns, and the MeOH eluate was driedacids of P450BM3 replaced with the corresponding frag-
under vacuum. The residue was dissolved in ethyl ether, andments of CYPAC7. The numbers in parentheses in the names
fatty acids were converted to methyl esters by treatment with Of the chimeric proteins designate the replaced amino acid
diazomethane. The volatiles were removed by evaporationresidues.
under a stream of nitrogen. The residue was dissolved in Expression and Purification of Chimeric Proteif$e four
100 uL of acetonitrile; 100 uL of bis(trimethylsilyl)- chimeric proteins as shown in Figure 3 were engineered,
trifluoroacetamide was added for trimethylsilylation of expressed, and characterized. The G(88), C(73-78), and
hydroxyl groups, and the reaction was allowed to proceed C(75-80) enzymes were expressed at the same levels as
overnight at 25°C. The reaction mixture was directly ~Wwild-type P450BM3, yielding 256300 nmol of purified
analyzed by electron impact GBS using a Varian (Walnut ~ protein/L of culture. The expression level of the C{&R)
Creek, CA) Saturn 2000 gas chromatograpiass spec- enzyme was lower; the yield was in the range of-30
trometer system. The GC column was a Hewlett-Packard nmol/L of culture. A Western blot of the whole cell lysates
(Palo Alto, CA) HP-5ms with a length of 30 m, an internal with P450BM3-specific antibodies (data not shown) revealed
diameter of 0.25 mm, and a film thickness of 028. The expression of the full-size proteins. Ultrasonic cell disruption
temperature of the column oven was programmed as fol- followed by ultracentrifugation to separate membrane and
lows: initial temperature of 88C, hold for 1 min, increase  cytosolic fractions demonstrated that as in the case of the
at a rate of 20°C/min to 300°C, and hold for 8 min. The  wild-type P450BM3, the chimeric proteins were expressed
mass spectra were collected using electron ionization atin the soluble form. Purification procedures similar to those

70 eV. described for wild-type P450BM32() were successfully
Other ProceduresProtein concentrations were determined used to purify the chimeric proteins.
by the Lowry procedure30) using bovine serum albumin Spectral Properties of the BM34C7 Chimeric Enzymes.

as a standard. The molar concentration of P450BM3 was Wild-type P450BM3 and the chimeric proteins had es-
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4C7 1 AVLLLTSLAIVVVYLCRRLNFWVKLRSVPGPPALPFLGNSLILRGTQEEF 50

BB e T TKENSQORTRGELIY LPLANTDRD. 25

4C7 51 FRLLSKCATKYGNIFRLWVGQRPFVFLYSAEAIQPILNSTVYIDK..SYE 98

BM3 26 VQALMLIADEL&Eiéé?EAPGéVTRéLSéQRLikEACﬁEéRf.£LNLégé 74
y:\ B1-1 B1-2 B B1-5

4C7 99 YSFLFPWLGTGLLTS.TGNK.WHTRRKLLTQSFHSKVLEDFLEPIYQHSL 146

BM3 75 LKL&RD?A&D&LF%éW}HELN$KKAHNiinéLSQQAﬁkGQHAMMVDIAQ 124
B’ o] D

4C7 147 FLCNRLE.LELDKPHFKVTPYAKLCALDIICDTAMGSTINAQENSQSE.Y 194

BM3 125 QiVQ&WéRiNA$é.élﬁéPEDMTRLTL$TiGLCGFNYRF$éFYRD$PHE£ 173

p3-1 E
4C7 195 VTA.VDSLSEIVQRRFITPWLKPDFLFKMTKLGKKQEQCLKIVHNFTRKV 243
BM3 174 £45M$RA£DéAMNé..LQRANPDéPA;DENL..ééFééDiL&ﬁﬁﬁLVBLi 219
F G
4C7 244 INERKEDKLRQNNLEVEISQONGIKKKHRLALLDLLLELSENGKVLTDED 293
BM3 220 lABéiAS ........... GéééDDLLT$M£NGK$ ..... PéTééPlQééﬁ 253
H
4C7 294 ICEEVDTFMFAGHDTIASGVSWILYVLGHHLDSQEKIVEEFKNVMEEDNT 343
BM3 254 iRYéiI%LLILéﬁéiTéGLﬁéﬁAiiFLVKﬁPHVLéLAAééAAR&LVﬁ... 300
I J

4C7 344 EWPTMKHLNKLCYLERCIKEAMRLYPVVPLIARNLTQPIKI.MDYMLPEG 392

BM3 301 Pvéé LQGKQLx#ﬁcuvinéiiél&éTALAFéLYAKéDTViGGéiPLEﬁl 350
J’ K B1-4 B2-1 B2-2

4aC7 393 VTILINSILLHEDSRFF.PNPDIFAPDRFLTSNCEARNPFAYVEPFSAGPR 441

BM3 351 DELHVLIPQL&A$KTI&GD5V&ELR£&£L..E&PSAIPQHAQKL#GNéQé 398

B1-3 K’ Meander
4aC7 442 NCIGQKFEMMELKIILSTVLQRFIVK..... SVDEKEERLKLVGELVLLNR 486
BM3 399 AéiéédLALHéATLGiGMMLkHéDFﬁDHTNYEL£;§£;£§£5§£G§11§§ 448
L B3-3 Ba-1 Pa-2 P3-2
4C7 487 DGIRLT...ITART.. i 498
BM3 449 gggéiPLGGIPéPéTEQSAKKVRKKAENAHNTPLLVLYGSNMGTAEGTAR 498

FiGURE 1: Sequence alignment of CYP4C7 and the heme domain of P4A50BM3. Residues mapped itifithebound palmitate in the
structure of Li and Poulo2€) are shown in bold. P450BM3 secondary structure elements are froB3.refHelices are underlined, and
pB-sheets are double underlined. The homologous fragments of the substrate binding site are shaded.

sentially identical absorbance spectra. Figure 4 shows4 and are not presented. The results of these spectroscopic
absorbance spectra of P450BM3 and C{83), which experiments suggest that the chimeric proteins fold properly
harbored the largest substitution. Both proteins clearly had and contain all the cofactors required for catalysis.

a Soret band indicative of the bound heme, and elevated Because formation of the C&errous adduct by P450BM3
absorbances at350 and~470 nm indicative of the bound  occurs only when substrate is bour82,(33), these assays
flavin cofactors. The spectra of C(#38), C(75-80), and were carried out in the presence of 28 palmitate. Figure
C(78—82) were practically identical to those shown in Figure 5 shows difference spectra obtained with P450BM3 and the
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Ficure 2: Protein fragments forming the substrate binding site of
P450BM3. Heme and palmitoleic acid are colored red and blue,
respectively. Residues 784 are colored green.

BM3 73 Q@ A L K F V R D F A G D B4
Cl73-84) Y E Y 8 F L F P WL G T
C(73-78) ¥ E Y 8 F L R D F A G D
C(75-80) Q A ¥ 8 F L F P F A G D
c(78-82) Q A L K F L F P W L G D

Ficure 3: Replacements made in P450BM3 for chimeragenesis.
P450BM3 amino acids 7382 are shown. Shaded areas show the

residues that have been replaced.
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o 1
[72]
Q
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FiGure 4: Absorbance spectra of Q1 P450BM3 (spectrum 1)
and 0.57uM C(73—84) chimeric protein (spectrum 2). Spectrum
3 is the background spectrum.

chimeric proteins with NADPH as a reductant. C{7&&3!)
showed no formation of the C&ferrous adduct. C(7378)
and C(75-80) showed formation of the adduct with intensi-
ties that were~25—30% of that of the wild-type enzyme.
The most active chimeric protein, C(#82), showed forma-
tion of the CO complex with an intensity that was/0—
75% of that of P450BM3. Only C(#580) showed any

formation of a P420 peak. None of the proteins showed any

additional formation of the P450 complex or conversion to
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Ficure 5: CO binding by P450BM3 and chimeric proteins. All
enzymes were present auM: (1) P450BM3, (2) C(73-84), (3)
C(73-78), (4) C(78-82), and (5) C(7580). The reaction was
carried out in a CO-saturated 0.1 M Tris-HCI, pH 7.7 buffer in the
presence of 2aM palmitate. The spectra were recorded 20 s after
addition of 50uM NADPH in the presence of the regenerating
system.

400 420
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0.02 -
0.00 -
3
3
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-0.04 -
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Wavelength, nm

Ficure 6: Type | spectral changes induced by 28 palmitate in
P450BM3 (spectrum 1), C(#82) (spectrum 2), and C(#3B0)
(spectrum 3). All enzymes were present atM. The reaction was
carried out in 0.1 M Tris-HCI, pH 7.7 buffer. The spectra were
recorded 20 s after addition of palmitate.

initially shows small amounts of a P420 form, nor the rest
of the chimeric proteins show significant conversion of the
P450 form to P420 over the course of incubation for 10 min
at room temperature. These results indicate that despite the
replacement of amino acids that can change the secondary
structure of the protein, all the chimeras apparently fold
properly.

Substrate Binding by the Chimeric Proteinghe small
amplitude of the spectral changes indicating CO complex
formation may be explained by impaired binding of palmitate
by the chimeric proteins. The following experiments were
carried out to characterize substrate binding.

It is well-established that palmitate induces type | spectral
changes of the P450BM3 heme iron. This is shown in

the P420 complex upon reduction by sodium dithionite before spectrum 1 of Figure 6. In contrast, chimeric proteins G(73

or after reduction by NADPH (not shown).

84) and C(73-78) produced very little if any type | spectral

The purified chimeric enzymes did not show any increased shift, so their difference spectra practically overlap the

protein instability compared to wild-type P450BM3. As
shown by CO binding spectra, neither C{7&0), which

baseline. In contrast, C(#82) showed a spectral shift
typical for substrate binding by P450 enzymes upon palmitate
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Table 2: Catalytic Activities of P450BM3 and Chimeric Proteins

0.035 A o
cytochromec palmitate farnesol
0.030 - o ° reductase (8) oxidation (mirr) oxidation (mirrl)
0.025 A P450BM3 136+ 2 32404+ 420 344+ 56
C(73-84) 130+ 3 0.24+ 0.06 26+ 2
0.020 A C(73-78) 158+ 3 1.7£0.3 29+ 3
3 C(75-80) 270+ 9 190+ 15 5.3+ 0.5
0.015 A C(78-82) 140+ 8 2643+ 340 360+ 5
o
0010 1 . . . g . . . . e
the affinities of the two enzymes is not statistically signifi-
0.005 4 cant.
0.000 . ' ' ' ' ' Substrate binding experiments revealed that farnesol
0.0 05 10 15 20 25 30 induced a small type | spectral shift in P450BM3 and the
Paimitate, UM chimeric proteins. The amplitude for all the proteins was

Ficure 7: Palmitate binding by P450BM3 and C(#82). The
reaction was carried out in 0.1 M Tris-HCI, pH 7.7 buffer.
Concentrations of the enzymes were 0\ for PA50BM3 ©) and
0.44 uM for C(78—82) (@), and the palmitate concentration was
varied from 0.3 to 3.«M. The spectra were recorded 20 s after
addition of palmitate.

addition (spectrum 2). C(7#330) also exhibited some spectral
shift upon palmitate binding (spectrum 3), but with a
maximal amplitude of only~15% of that of P450BM3. The
spectra shown in Figure 6 were obtained with 28
palmitate. Higher concentrations of palmitate did not increase
the amplitude of the spectral shift, likely because of the low
solubility of palmitate. These experiments clearly demon-
strate that chimeragenesis alters palmitate binding, and lac
of binding can explain the low yield of the CO complex by
three of the chimeric proteins.

The affinities of P4A50BM3 and C(7834), the only
chimeric enzyme that exhibited a significant type | spectral
shift upon palmitate binding, were measured spectrophoto-
metrically. The amplitude of the spectral shift was plotted
as a function of the added palmitate concentration (Figure
7). Because this assay requires relatively high protein
concentrations, the binding curve was calculated using a
mutually depleting model34). The amplitude of the spectral
change AAsgo-424, Was plotted as a function of the concen-
tration of added palmitate, and the experimental curves were
fitted to eq 1 for a single binding site and unknown maximal
amplitude:

A=

[E], + [L], + Ky — Y (E], + [L], + K9® — 4[ELIL],
ax Z[E]t

1)

where A and Anax are the observed and maximal spectral
change, respectively, [Ednd [L]; are the total concentrations
of the enzyme and ligand, respectively, aKg is the

the same, reaching onty10—15% of the amplitude induced

by palmitate binding by wild-type P450BM3 (data not

shown).

Catalytic Actiities of the Chimeric Enzyme$o charac-

terize the electron transfer function of the flavoprotein
domain, cytochrome reductase activities of the chimeric

proteins were compared to that of wild-type P450BM3. The
C(73-84), C(73-78), and C(7882) chimeric proteins
catalyzed reduction of cytochroneewith rates close to that
of PA50BM3 (Table 2). The activity of C(#330) was
elevated ~2-fold compared to those of the rest of the
proteins. These measurements of cytochrameductase
activity demonstrate that the flavoprotein domain of the
chimeric proteins retains the ability to transfer electrons from
NADPH to cytochromee. This indicates that all the chimeric

roteins have both flavin cofactors bound, as both FAD and
FMN are required for cytochrome reductase activity by
P450BM3 @5).

Monooxygenase activities of the chimeric proteins were
measured with palmitate and farnesol as substrates (Table
2). As more than one product was produced with both
substrates, the activities shown in Table 2 represent the sum
of all products made.

Replacement of amino acids 784 inhibited palmitate
hydroxylase activity by 4 orders of magnitude. The chimeric
protein in which residues 7378 have been replaced inhibited
palmitate hydroxylation by 3 orders of magnitude. In contrast,
replacement of the second half of the fragment, amino acids
78—82, produced an enzyme with palmitate hydroxylase
activity inhibited by only~20%. Replacement of the six
amino acids in the middle, residues-780, resulted in 17-
fold inhibition of palmitate hydroxylase activity.

Replacement of residues+84 or 73-78 resulted in 12
13-fold inhibition of farnesol oxidation (Table 2). C(¥8
82) had unaltered farnesol oxidation compared to wild-type
P450BM3. Somewhat surprisingly, replacement of 5 residues
(75—80) inhibited farnesol oxidase activity to an even greater
extent than replacement of 12 residues—<838). Analysis
of the monooxygenase activities of the chimeric proteins
(Table 2) revealed that residues-788 were more critical

dissociation constant. The best fit to the above equation gavefor enzyme activity with both substrates tested than residues

aKyvalue of 0.16+ 0.08uM and anAmax of 0.058+ 0.002
AU/uM. The following values were obtained for the C(78
82) enzyme: Ky = 0.55+ 0.27 uM and Aqnax = 0.051+
0.004 AUuM. The K4 value for P450BM3 appears to be
somewhat lower than that of the C(#82) enzyme. How-
ever, due to the large experimental error of these assays
which results in large standard deviations, the difference in

78—-82.

One of the striking findings is that palmitate and farnesol
oxidations were inhibited to a different extent. For example,
palmitate hydroxylation was inhibited by more than 4 orders
of magnitude in C(7384), while oxidation of farnesol was
jinhibited only 13-fold. Palmitate hydroxylation by C(#3
78) was inhibited 1900 times, while only 12-fold inhibition
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Table 3: Chemical Shiftsd) and Coupling Constants (Hertz) in @DD for Farnesol and Its Monooxygenation Products

atom farnesol 2,3-epoxide 10,11-epoxide 9-hydroxyfarnesol 5-hydroxyfarnesol
1 4.01d (6.5) 3.52dd (12.5, 6%, 4.00d (6.5) 3.98dd (12.5, 6.5),
3.62dd (12.5, 5) 4.02dd (12.5, 5)
2 5.28 thex (6.5, 1.5) 2.83dd (6, 5) 5.28 thex (6.5, 1.5) 5.28 t hex (6.5, 1.5) 5.33thex (6.5, 1.5)
4 1.97t(8) 1.94-2.07 m,
2.18dd (13.5, 7.5)
5 2.05q(8) 4.41 ddd (8.5, 7, 6)
6 5.06 t hex (6.5, 1.5) 5.12 thex (6.5, 1.5) 5.10 t hex (6.5, 1.5) 5.08 d hex (8.5, 1.5)
8 1.90t(8) 1.952.08 m, 1.94t(8)
2.15dd (13.5, 7.5)
9 2.00q (8) 4.35dt(8.5,7) 1.94-2.07m
10 5.02 t hep (6, 1.5) 2.681t(6.5) 5.04 d hep (8.5, 1.5) 5.02thep (6, 1.5)
12 159brs 1218 1.59d (1.5) 1.60 brs
13 1.59brs 1.20s 1.60brs 1.63brs
14 1.52brs 159 brs 1.60 brs
15 1.53brs 1.18¢ 1.64d (1.5) 1.53brs

aResonances unigue to each compound are in Bdithy be reversed.

of farnesol oxidation was detected. On the other hand,€(75 epoxides are not separated under the GC-FID conditions used
80) inhibited farnesol oxidation 65-fold, while palmitate and had a retention time of 17.9 min. Farnesol 6,7-epoxide
hydroxylation was inhibited by a factor of only 17. The most may have also been present, but in such small amounts that
active chimeric protein, C(7#882), inhibited palmitate hy-  we could not distinguish its peaks from small peaks possibly
droxylation by ~20% with no effect on the oxidation of arising from doubly oxidized products. The resonance
farnesol. assignments were made as follows.

The lack of a correlation of the extent of inhibition of the The most definitive peaks for 9-hydroxyfarnesol were at
activities with two substrates also followed from the com- ¢ 4.35 for H9 andd 5.04 for H10, which showed that the
parison of C(73-84) and C(75-80). The shortening of the  new hydroxyl group was secondary and coupled to a vinyl
insert increased palmitate hydroxylase activity by 3 orders hydrogen; since the latter resonance was a doublet of heptets,
of magnitude, while farnesol oxidation was inhibited further the vinyl hydrogen had to be H10 and not H6. NMR analysis
by a factor of 5. of the C(73-78) products indicated another secondary

These findings indicate that some functional groups of the alcohol with peaks reminiscent of those of 9-hydroxyfarnesol,
enzyme catalytic site may be involved to a different extent but with the multiplet for the vinyl hydrogen occurring @t
in the binding and/or catalytic conversion of the different, 5.08 and showing a doublehextet pattern consistent with
although homologous, substrates, even if the same chemicabnly 5-hydroxyfarnesol. The H1 protons were now non-
conversion occurs. This idea is supported by the finding that equivalent due to the nearby chiral center. 5-Hydroxyfarnesol
mutation of E267 altered the regiospecificity of fatty acid is a new compound.
hydroxylation by P450BM3, but with a greater effect on Methyl resonances betweérl.18 and 1.21 and methinyl
hydroxylation of palmitate than laurat&d). These observa-  resonances at 2.68 and 2.83 indicated that the other major
tions suggest that different catalytic steps, different rate- components were epoxides. With wild-type P450BM3, the
limiting steps, or even different mechanisms are utilized by more abundant one had to be the 10,11-epoxide because it
one enzyme for oxidation of different substrates. hadtwo upfield methyl resonances (1.18 and 1.21), while

Farnesol Metabolism and Product Identificatidncuba- the minor one was the 2,3-epoxide because its H1 proton
tion of P450BM3 in the presence of farnesol resulted in two resonances were shifted well upfield and were now non-
major peaks with retention times of 17.9 and 19.7 min as equivalent § 3.52 and 3.62). Table 3 summarizes chemical
detected by GC-FID, as shown in Figure S2 of the Supporting shifts of farnesol and products of its oxidation. The absolute
Information. The two major peaks observed with wild-type configurations of the oxidation products were not determined
P450BM3 were still produced by the chimeric proteins, but in this study, but are the subject of future research.
an additional peak with a retention time of 20.0 min appeared Palmitate Metabolism and Product IdentificatidPalmi-
for three of the four chimeric proteins, indicating formation tate hydroxylation by the chimeric proteins produced multiple
of a new product. To identify the products of farnesol products, as shown by the GC-FID traces shown in Figure
oxidation, the reaction products were analyzedtyNMR S3 of the Supporting Information. The products of palmitate
spectroscopy. hydroxylation by wild-type P450BM3 and the chimeric

The spectral assignments for the products are given in proteins were identified by GEMS of the TMS derivatives
Table 3. From these assignments, it is concluded that wild- of the methyl esters3@). As chimeragenesis altered palmitate
type P450BM3 catalyzes formation of farnesol 2,3-epoxide, hydroxylation activity, with both turnover numbers and
farnesol 10,11-epoxide, and 9-hydroxyfarnesol. In addition products formed being affected, GBS analysis of the
to these compounds, the C(¥84), C(73-78), and C(75 reaction products was carried out (Figure S4 of the Sup-
80) chimeric proteins catalyzed formation of 5-hydroxyfar- porting Information). The activities of C(#384) and C(73-
nesol. 9-Hydroxyfarnesol and 5-hydroxyfarnesol have re- 78) with palmitate as the substrate were inhibited by 4 and
tention times of 19.7 and 20.0 min, respectively (Figure S2 3 orders of magnitude, respectively (Table 2). The replace-
of the Supporting Information). Analysis of the oxidation ments that produced C(#80) and C(78-82) had modest
products from the chimeric proteins revealed that the two effects on palmitate hydroxylation (Table 2), so sufficient
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Table 4: Unique MS lons Used for Identification of Palmitate Table 5: Ratios of Product Formation during Farnesol Oxidation by
Metabolited P450BM3 and the Chimeric Protefns
ionA ionB ionC ionA ionB ionC epoxides 9-OH 5-OH

15-OH 117 343 314 12-OH 159 301 272 P450BM3 1 0.89+ 0.01 ND

14-OH 131 329 300 11-OH 173 287 258 C(73-84) 1 1.03+ 0.06 0.67+ 0.03

13-OH 145 315 286 10-OH 187 273 244 C(73-78) 1 0.34+ 0.02 1.75+ 0.04

alon A, proximal o cleavage; ion B, distab. cleavage; ion C, gggggg 1 ig?i 8211 lN%,li 0.04

migration of TMS to a carbomethoxy group along with proxinoal : :

cleavage. a2 The epoxide peak was taken to be the standard. The numbers are
the average of six measurements with standard deviations diléot.
detected.

amounts of the TMS derivatives of the methyl esters of the
reaction products could be obtained for identification by
GC—-MS. produced a third product, 5-hydroxyfarnesol, which in the
Two groups of ions were used to identify reaction cases of C(7378) and C(75-80) became a major product.
products. The first group was common to all of the Interestingly, replacement of amino acids—@® produces

hydroxylated palmitic acid derivativesnvz 343 (M — another enzyme that catalyzes hydroxylation at only one
CHz]™), 327 ([M — CH30]"), 311 ([M — CHz — CH3zOH]"), position with formation of 9-hydroxyfarnesol.
and 73 {[(CH3)sSi]*} (as shown in Figure S4 of the Comparison of peak intensities in NMR spectra revealed

Supporting Information). The second group (Table 4) that the regiospecificity of epoxidation is also changed by
consisted of fragmentation peaks differing by 14 mass units chimeragenesis. P450BM3 forms 10,11-epoxyfarnesol and
(CHy) which showed the position of hydroxylation: the series 2,3-epoxyfarnesol in a ratio of 3:2. C(#84) and C(73
from mVz 117 to 187{[CH3(CH,),CHOTMST'}, the series  78) still catalyze formation of 10,11-epoxyfarnesol but
from m/z 343 to 273{[TMSOCH(CH,),COOCH;]*}, and produce only traces of 2,3-epoxyfarnesol, while no detectable
the series frorm/z 314 to 244{[TMS(CH,),COOCH;] '}. formation of 2,3-epoxyfarnesol was observed for C{82).
The fragmentation pattern found here is consistent with the Thus, C(73-78) (residues 7378) and C(78-82) (residues
mass spectra of TMS derivatives of methyl esters of 78—82) have the same regiospecificity in farnesol epoxida-
hydroxylated palmitic acids published previous8r). tion, but different preferences in the hydroxylation reaction.
The products of palmitate hydroxylation by wild-type No significant amounts of double oxidation products were
P450BM3 were identified as 15-, 14-, and 13-OH, corre- detected, even when almost complete oxidation of farnesol
sponding taw-1, w-2, andw-3 hydroxylation, respectively, = was achieved when the samples for NMR analysis were
in agreement with previous studie38-40). The chimeric prepared. This indicates that the initial products of farnesol
enzymes produce these same reaction products, but als@xidation did not undergo secondary oxygenation at signifi-
products with shorter retention times. The additional products cant rates.
formed by C(78-82) and C(75-80) were identified by GE C(75—-80) had very little farnesol monooxygenase activity,
MS as 12-, 11-, and 10-OH, with the latter having the shortest and no attempt was made to isolate and identify the reaction
retention time. Formation of small amounts of 11- and 12- products by NMR. However, the GC-FID profile (Figure 3S
hydroxypalmitate by P450BM3 has been repor),(while of the Supporting Information) suggests formation of
formation of 10-hydroxypalmitate is a new activity. Because epoxide(s), 5-hydroxyfarnesol and 9-hydroxyfarnesol.
of the very low palmitate hydroxylase activity of C(#84) The regiospecificity of palmitate hydroxylation was also
and C(73-78), their regiospecificity of hydroxylation was changed by chimeragenesis (Table 6). PA50BM3 catalyzed
not analyzed by GEMS. However, on the basis of the hydroxylation of C13-C15 of palmitic acid; minute quanti-
retention times of the products (Figure S4 of the Supporting ties of products hydroxylated at the 11 and 12 positions were
Information), C(73-84) and C(73-78) also produced 12-, also detected, in agreement with a previous re®8}. (All
11-, and 10-hydroxypalmitates in addition to the three of the chimeric proteins catalyze formation of 10-, 11-, and
products formed by the wild-type enzyme. 12-hydroxypalmitates. C(7#832) and C(75-80), the most
Regiospecificity of Farnesol and Palmitate Monooxygen- active chimeric proteins with palmitate as the substrate,
ation. The results shown in Table 2 demonstrate that, with catalyze the formation of significant amounts of 11- and 12-
the exception of C(7882), the replacement of amino acids hydroxypalmitates, as well as formation of 10-hydroxypal-
made within the region of residues-784 produced variant  mitate (Table 6). In the case of C(#80) and C(78-82),
enzymes with both palmitate hydroxylation and farnesol 10-hydroxypalmitate was formed in significant quantities,
oxidation inhibited as compared to the reactions for the wild- while the enzymes retained significant catalytic activity.
type enzyme. These changes in specific activity were Products of the more active C(#82) and C(7580)
accompanied by alteration of the regiospecificity of oxy- proteins were identified by GEMS, while product assign-
genation, as demonstrated by product identification. ments for C(73-84) and C(73-78) were based on GC-FID
Table 5 presents the ratios of the products formed by retention times because of their low activity. Formation of
P450BM3 and the chimeric proteins with farnesol as a 10-hydroxypalmitate by wild-type or mutant P4A50BM3 has
substrate. Because different isomers of farnesol epoxide werenot been reported previously.
not separated by GC-FID, all the epoxides were treated as a Table 6 also shows the rates of formation of the regio-
single product, although the regiospecificity of epoxidation isomers of hydroxypalmitates calculated on the basis of the
was altered by chimeragenesis (see below). In addition tooverall rate of palmitate hydroxylation (Table 2) and product
epoxides and 9-hydroxyfarnesol formed by P450BM3, three distribution. Analysis of the reaction rates revealed that in
of the chimeras, C(7384), C(73-78), and C(7580), the case of C(7#82) the rates of formation of 11- and 12-
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Table 6: Ratios and Rates of Product Formation during Palmitate Oxidation by P450BM3 and the Chimeric®Proteins

protein 10-OH 11-OH 12-OH 13-OH 14-OH 15-OH
P450BM3  ND¥(0) 0.017+ 0.005 (16)  0.04GE 0.005 (32)  0.89: 0.1 (810) 1.56E 0.05 (1426) 1 (940)
C(73-84)  1.30+ 0.56 (0.05) 0.57: 0.3 (0.02) 0.67-0.15(0.02)  2.15:0.33(0.02)  1.3H0.15(0.05)  1(0.03)
C(73-78)  1.76+ 0.09 (0.46) 0.63£ 0.02 (0.17) 0.43£ 0.04(0.12)  1.4%0.02(0.36)  1.35:0.04(0.36) 1 (0.26)
C(75-80)  0.81+ 0.07 (19) 1.53k 0.09 (34) 0.770.15 (17) 2.43+ 0.15 (55) 1.96+ 0.05 (44) 1(23)
C(78-82)  0.21+ 0.05 (106) 0.21: 0.03 (106) 0.37:0.02 (212)  1.62:0.06(872)  1.52t 0.08 (819) 1 (529)

aThe 15-hydroxypalmitate peak is taken to be the standard. The numbers are the average of six measurements with standard deviations given.

Rates of individual product formation during palmitate oxidation by P450BM3 and the chimeric proteins are shown in parenthe¥e$ otn

detected.

hydroxypalmitates increase severalfold compared to those An F87A genetically engineered variant of P450BM3

of wild-type P450BM3, while formation of 10-hydroxypal-
mitate is not catalyzed by P450BM3. C(#80), although
inhibited, catalyzes hydroxylation of six positions (G410
C15) with comparable rates. In the case of the chimeric
proteins with very low activity [C(7384) and C(73-78)],

one can argue that the relative increase in the level of
formation of 10-, 11-, and 12-hydroxypalmitates is caused
by the dramatic inhibition of the wild-type activities toward
C13-C15. However, the much more active C{7&0), and
especially C(78-82), which is almost as active as wild-type
P450BM3, also produce significant amounts of 10-OH, 11-
OH, and 12-OH palmitates. In the case of C{B2), the
rates of formation of 11- and 12-hydroxypalmitates increased
7-fold compared to that of P450BM3 to 106 and 212 mjn
respectively, while the rate of 10-hydroxypalmitate synthesis
increased from 0 to 106 mit. Thus, at least in the case of

C(78-82), chimeragenesis resulted in increased rates of

formation of 10-OH, 11-OH, and 12-OH.

Concluding RemarkOur approach produced four fully
functional chimeric proteins with altered substrate binding
properties and/or catalytic specificity. The fragment chosen
for this study, amino acid residues-784 of P450BM3, is
involved in substrate binding, substrate specificity, and

revealed a new catalytic activity, hydroxylation of the
terminal carbon atom in laurat&4). This reaction was not
catalyzed by the wild-type enzyme. Here we report engineer-
ing enzyme variants with the regiospecificity of fatty acid
hydroxylation shifted toward the center of the molecule.
C(78-82) and C(75-80) catalyze palmitate hydroxylation
at thew-4, w-5, andw-6 positions. Thus, the two approaches,
one published by Oliver and co-workefsyf and the second
presented here, provide a means of shifting the regiospeci-
ficity of fatty acid hydroxylation to the terminal carbon or
toward the center of the molecule.
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Cloning scheme for engineering a chimeric protein, CG-

regiospecificity of catalysis. Introduction of protein fragments F|D profiles of the products of oxidation of farnesol and

of CYPACY into the substrate binding pocket of PA50BM3  paimitic acid by P4A50BM3 and chimeric proteins, and mass
resulted in the formation of enzymes capable of synthesis spectra of the products of palmitate hydroxylation by
of new products, 10-hydroxypalmitate and 5-hydroxyfarne- p450BM3 and chimeric proteins. This material is available

sol, compounds not formed by the wild-type enzyme. The
major product of farnesol oxidation by the C(738)
chimeric protein, 5-hydroxyfarnesol, is a compound that has

free of charge via the Internet at http://pubs.acs.org.
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