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ABSTRACT: CYP73Al is a typical plant P450 in terms of its function and primary sequence. The enzyme
catalyzes the 4-hydroxylation dfans-cinnamic acid, the first oxidative step in the phenylpropanoid
pathway. Its primary protein sequence exhibits some particular landmarks which are characteristic of
plant P450 enzymes. The most interesting is a proline residue (Pro448), very unusual in animal P450s,
just C-terminal to the invariant heme-binding cysteine. To determine the role of this proline, we substituted
it with valine, isoleucine, or phenylalanine, residues found in animal P450s, using site-directed mutagenesis.
Expression of the wild type and mutants in yeast indicated that replacement of Pro448 led to disruption
of the heme-protein interaction, loss of catalytic activity, and either impaired expression or destabilization
of the apoprotein. Pro448 is thus essential for the correct insertion of heme in the apoprotein. Another
typical feature of CYP73A proteins is the presence of an alanine-alanine motif (Ala306-Ala307) on the
presumed N-terminal edge of the cleft in the central part of the | helix. This cleft faces the iron on the
distal side of the heme and is proposed to be essential for catalysis. Substitution of each or both Ala306
and Ala307 residues with glycines showed that they are critical for the stability of the protein and influence
the positioning of the substrate in the active site. Results are discussed with reference to the structural
X-ray data that are available for bacterial P450 proteins.

Cytochromes P450 form a large superfamily of more than common ancestor6j. This major group of plant P450s
750 heme thiolate proteind)( They catalyze monoxygen- branches with CYP17, CYP21, and the large families of
ation of a remarkably broad range of chemicals, and are CYP1s and CYP2s.

involved in metabolic pathways as well as in detoxification  structural data that are available for P450 proteins all rely
(or activation) of xenobiotics in all organisms. Most of them  on X-ray crystal analysis of five soluble bacterial or fungal
share common properties, i.e., heme and oxygen binding,enzymes; P45@,(CYP101) fromPseudomonas putidd),
electron transfer, and oxygen activation. Differences lie in p45g,,_5; (CYP102) fromBacillus megateriungg), P45Q,

the nature of the substrates which are oxidized. CYP73A1 (CYP108) fromPseudomonasp. ©), P450eryF (CYP107A1)

is the first member of a family of orthologous enzymes that from Saccharopolyspora erythraga0), and P45Qor from
catalyze the 4-hydroxylation ofrans-cinnamic acid to  Fusarium oxysporuri1). Much of the understanding of the
p-coumaric acid 2—4). Cinnamate 4-hydroxylase (C4H)  P450 mechanism is derived from studies with R45@hose
thus controls the first oxidative step in a plant specific structure and biochemistry have been extensively studied
pathway leading to the synthesis of lignin, flavonoids, (12). All crystallized P450s exhibit well-conserved secondary
coumarins, and other phenylpropanoils The importance  and three-dimensional structurd®(13). This is particularly

of this enzyme lies in the fact that it is involved in the true for the regions involved in heme binding (loop preceding
biosynthesis of molecules that are essential for plant structure proximal helix L) and oxygen activation (distal helix ).
development, and defense. From a phylogenetic point of  \jost eukaryotic P450s are bound to the endoplasmic
view, CYP73A1 is a typical plant P450 and belongs to the reticylum or to the inner mitochondrial membrane. This
large A group of plant enzymes which all derive from a yegyits in some difficulties in obtaining the well-ordered

crystals that are necessary for the analysis of their three-
'M.S. was supported by the Ministe de la Recherche et de  dimensional strgctu_re. Alternative (_experimental gnd analytical
I'Enseignement Supieur and S.N. by a Projet de Recherche Conjoint approaches to indirectly addressing the question, however,
sur Convention Internationale of the Centre National de la Recherche haye provided a great deal of information. It is now well
Scientifique. . -
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3 88 35 84 84. E-mail: daniele.werck@ibmp-ulp.u-strasbg.fr. Both sequence and structural comparisons reveal highly
;Ce?_:r? Naftlgntallde la RdeCGherC?e Scientifique UPR 406. conserved features, in particular in the C-terminal half of
nstitute of Cytology and Genetics. ; : i i
1 Abbreviations: C4H transcinnamate 4-hydroxylase [NADPH: the p.rOtemS' A high degree of Conserv.atlon Is related to
oxygen oxidoreductase (4-hydroxylating), EC 1.14.13.11]; HS, high- functions common to all P450s. The binding of heme to the

spin. thiolate side chain of a perfectly conserved cysteine provides
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Table 1: Primary Amino Acid Sequence of the Conserved Heme-Binding Region in CYP73A1 and Some Other P45@ Proteins

P. putidaCYP101 (cam) T F G H G S H L C L G Q H L A
B. megateriunCYP102 (BM-3) P F G N G Q R A C | G Q Q F A
Pseudomonasp. CYP108 (terp) G F G W G A H M C L G Q H L A
Saccharopolyspora erythra€aYP107A1 (eryF) S F G Q G | H F C M G R P L A
trout CYP2M1 A F G V G K R A C P G E A L A
new human P450 A F G A G S S Q C P G K Vv F A
rat CYP7Al P F G S G A T | C P G R L F A
A. tumefacien€YP104 S F G C G P H H C P G A Q | S
Z. maysCYP78A1 P F G A G R R V C P G K M L G
Berberis stoloniferaCYP80 P F G S G R R | C P G R P L A
Persea american€YP71A1 P F G A G R R G C P G | A F G
Z. maysCYP88 A F G L G A R L C P G N D L A
Arabidopsis thalianaCYP90 P F G G G P R L C P G Y E L A
Helianthus tuberosu€ YP73A1 P F G V G R R s C P G | | L A
residue in the CYP73A1 sequence 447 448
=7 C +1 +2

aBold letters denote the amino acids which have been modified in this study. The italic areas correspond to the residues highly conserved in
P450 proteins. Sequences have been selected in data banks so as to show all non-plant and a representative sampling of plant P450s with a proline
in C+1 relative to the heme-binding cysteine.

Table 2: Primary Amino Acid Sequence in the Conserved Functional Region of the | Helix of CYP73A1 and Some Other P456 Proteins

P. putidaCYP101 (cam) G L L L \% G G L D T \% Vv
B. megateriunCYP102 (BM-3) I T F L I A G H E T T S
Pseudomonasp. CYP108 (terp) \% A | A T A G H D T T S
Sa. erythraed€CYP107AL1 (eryF) L Vv L L L A G F E A S \%
Rhodococcusp. CYP116 F G G \% F A A H E T T T
rat CYP7Al L A I L w A S Q A N T |
human CYP24 T E L Q L A A \Y E T T A
L. stagnalisCYP10 \Y, D L M L A A Y, E T T S
human CYP19 L E M L | A A P D T M S
Sorghum bicoloCYP79 Q D | T F A A \% D N P S
Zea may<YP71C1 \Y N M F E A A | E T S F
Pe. american&€CYP71A1 L D M F S G G T D T T A
Petunia hybrideaCYP75A1 L N L F T A G T D T S S
Ar. thalianaCYP90 \Y, A L L \Y, A G Y E T T S
H. tuberosusCYP73A1 E N | N \% A A | E T T L
residue in the CYP73A1 sequence 306 307 310
-4 -3 -2 -1 T

2 Bold letters denote the amino acids which have been modified in this study. The italic area corresponds to the threorifi@aiticTesidue
highly conserved in P450 proteins. Sequences have been selected so as to show all available P450s with an AA motif at p8sitimh3—H4.

spectral and catalytic properties to all P450 enzymes. This of the available P450 sequences, these amino acids are A
cysteine is flanked by a set of highly conserved residues and G (-4 and T-3), and in 12.6%, they are G and G. In
usually considered the P450 signature F(G/S)xGx(H/R)- all members of the CYP73A subfamily, botk-B and T4
XCXGxx(I/L/F)A (Table 1) (L7, 18). Furthermore, the binding  residues are alanines. This pattern is very unusual and shared
and activation of dioxygen (bond splitting) is a common by only 5.5% of the registered P450s. In addition, crystal-
catalytic step that is necessary for oxygen incorporation into lographic and mutagenesis data seem to suggest that the
all substrates. This property is associated with the presencepresence of a residue (a glycine or a proline) capable of
of a distortion in the | helix which contributes to proton inducing a bend in this region of the | helix is an important
transfer and oxygen activation, and to another consensusstructural feature of P450 proteing9j. So why is such a
sequence (A/G)(A/G)X(E/D) characteristic of P450 en- residue not maintained in CYP73As?
zymes (Table 2). On the heme proximal side, an invariant cysteine (bold in
The role of different residues in these two regions has beenthe consensus sequence) is the fifth ligand of the heme iron.
extensively studied not only in the crystallized bacterial forms The C+2 residue, except for one exception (the CYP79
but also in membrane-bound P45083(15). A highly family), is always a glycine. The amino acid flanked by these
conserved threonine (bold character) plays a critical role in two conserved residues is more variable, but usually hydro-
the | helix structure and function. It maintains a local phobic: L, I, V, A, or sometimes F or M. In CYP73As as
deformation in the center of the helix by forming a hydrogen well as in most plant P450s, a proline is found atICWhen
bond to a residue located four positions toward the amino the local deformation and constraint usually induced by a
terminus. This conserved threonine is also thought, maybeproline in a protein structure is considered, the substitution
together with the adjacent acidic amino acid, to participate for such an amino acid was unexpected. In addition, a
in oxygen activation by transferring protons from the surface cysteine with an adjacent proline was surprisingly reminis-
of the protein to the iron-bound reduced dioxygen. Residuescent of the heme-binding motif found in many heme-
T—3 and T4 are almost always glycine or alanine. In 71% regulated proteins2Q).
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Table 3: Sequences of the Oligonucleotides Used as Primers for Mutagenesis

mutagenic primers

mutation sense primers reverse primers
Pro448lle 5GAGTTGCATCGGGATTATTCTTGCATTG 5-ATAATCCCGATGCAACTCCTTCTCCCGACTCC
Pro448Val 5GAGTTGCGTCGGGATTATTCTTGCATTG  5-ATAATCCCGACGCAACTCCTTCTCCCGACTCC
Pro448Phe 'SGAGTTGCTTCGGGATTATTCTTGCATTG 5-ATAATCCCGAAGCAACTCCTTCTCCCGACTCC
Ala308Gly B-TTGCAGGAATCGAGACAACTC 5-GAGTTGTCTCGATTCCTGCAACATTGATG
Ala307Gly B8-ATGTTGGAGCAATCGAGACAAC 5-TTGTCTCGATTCCTGCAACATTGATGTTTTC

Ala307Gly/Ala308Gly  5CAATGTTGGAGGAATCGAGACAACTCTA 5-TAGAGTTGTCTCGATTCCTCCAACATTGATGTTTTCA
aBases modified relative to the wild type sequence are underlined.

This paper describes our investigations on the role of the Mutants were thus selected for the absencBro digests.
unusual residues found in the heme proximal and distal Inserts exhibiting the expected modifications were fully
regions of the catalytic site of CYP73A1. Three mutants of sequenced, and only clones with no additional mutations were
the | helix and three mutants of the heme binding loop were selected for expression in yeast.
generated by site-directed mutagenesis. The two alanines at C-Terminally 4His-tagged mutants were generated by PCR
positions -4 and T-3 in the | helix were replaced by  amplification of the modified sequences using the following
glycines, to obtain the Ala306Gly, Ala307Gly, and Ala306Gly/ primers: 5GGGATCCCATGGACCTCCTCCTCATAGAA-
Ala307Gly mutants. Pro448 located just downstream of the AAAACCCTCGTCG3 (sense) and’BTCGGAATTCCCT-
invariant heme-binding cysteine was modified to generate TAATGATGATGATGAAATGACCTAGGTTTAGCTACG3
the Pro448lle, Pro448Val, and Pro448Phe mutants. Spectralantisense). PCR products were fully sequenced. Despite the
and catalytic properties of the mutant and wild type use of Pfu DNA polymerase, undesired mutation was

CYP73Als were compared after expression in yeast. obtained at this stage as stated in the Results.
Yeast Expression and Microsome Preparatibhe modi-
EXPERIMENTAL PROCEDURES fied Saccharomyces carisae\W303-1B strain at a; ade2

1; his3-11,-15;leu2-3,-112;ura3-1; carf;; cyr) overexpress-
uM, each primer at M, 50 ng of template DNA, 1.25 the GAL10-CYC1promoter, also des_lgnated W(R), was
units of Pfu DNA polymerase (Stratagene), 20 mM Tris- constructed_ by Truan et al21). Plasmid C4H/V60, yeast
HCI (pH 8.75), 10 mM KCI, 10 mM (NH),SO,, 2 mM transformation, and preparation of yeast microsomes were
MgSQy, 0.1% Triton X-100, and 0.1 mg/mL bovine serum described by Urban et al2g). Microsomes from the W(R)
albumin. Reactions were performed in an M. J. ResearchYeast strain transformed with the V60 void plasmid were
PTC-150 Minicycler. The polymerase was added after Used as a negative control.

preheating for 5 min at 92C. Thirty cycles of amplification For each construct, two independent transformed yeast
(92 °C for 1 min, 52°C for 2 min, and 72°C for 2 min) clones were analyzed and all tests were carried out in
were completed by 10 min of extension at 2. duplicate.

Site-Directed MutagenesislutantCYP73AIcDNAS were Purification of the His-Tagged Proteilv.east microsomes
generated by PCR, using as a template the double-strande20—200 mg of protein) resuspended in 0.1 M sodium
wild type CYP73A1cDNA subcloned as aBcoRI—BanH| phosphate (pH 7.5) containing 30% glycerol were solubilized
fragment into the pBluescript SK phagemid. The procedure by adding dropwise 1.25% (w/v) Emulgen 911 (Kao Atlas)
utilizes two universal primers flanking tHecoRI—BanHl and stirring on ice for 15 min. Samples were diluted with 1

insert (T; and T;), and two mutagenic primers overlapping Volume of 0.05 M sodium phosphate (pH 7.5) containing 1
the sequence to be modified, oriented in opposite directions,M NaCl and 10% glycerol, and centrifuged at 100900r

and complementary to each other for-18B nucleotides. The 45 min. The supernatant was applied at a flow rate of 0.1
sequences of the primers used in our experiments are listednL/min to a 1 mL HiTrap chelating column (Pharmacia)

in Table 3. In a first step, two PCRs, one with and a  complexed with Ni* according to the procedure recom-
mutagenic reverse primer and the other with ahd the mended by the manufacturer and equilibrated in 0.05 M
corresponding mutagenic sense primer, were carried outsodium phosphate (pH 7.5) containing 0.5 M NaCl and 10
simultaneously in two different tubes. This step provided two MM imidazole (buffer A). The column was then washed with
PCR products sharing a common sequence of 28 30 mL of buffer A with 0.5% Emulgen 911 and 10%
nucleotides and containing the desired mutation. Theseglycerol, and eluted with 10 mL of buffer A with 50 mM
products were purified on 1% agarose gels before the secondmidazole, 0.1% Emulgen 911, and 10% glycerol. The last
step; a single PCR was carried out usingiid T, as primers 3 mL of the elution, containing a protein apparently devoid
and 50 ng of each of the two previous PCR products as aof contamination as determined on SDS gels, was pooled
template. This step provided a full-length cDNA with for heme determination. The purified protein was quantified
flanking EcoRI andBanHl sites that was purified on agarose  using the Pierce BCA assay.

gel, digested, and ligated into shuttle vector pYEDP60. DNA and RNA Analysidsolation of yeast plasmid DNA
Clones oftscherichia coliransformed with this vector were  was performed using the procedure described by Hoffman
first selected for correct size of their insert. Mutation of and Winston 23). Double-stranded plasmid DNA was
proline 448 in the heme-binding domain leads to the loss of sequenced using the prism Ready Reaction Dye Deoxy
a uniqgueSma restriction site in theCYP73Alsequence.  Terminator Cycle method of Applied Biosystems Inc., and
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sequence data were analyzed using the GCG Sequence

Analysis Software Package, version 824)( ,6Q° N3 OQ.
The yeast RNA extraction protocol was adapted from {\\\b ‘o@? ‘JPP Q€

Waldon and Lacroute2). For Northern blotting, denatured kDa < R

RNA was separated in the presence of formaldehyde through

a 1.2% agarose gel and transferred onto a nylon membrane 58] e e —

Hybond N (Amersham). RNA blots were prehybridized and 48—

hybridized with aCYP73A1full-length cDNA probe, radio- ) . . .
labeled with 5Q:Ci of [a-*%P]dCTP by random priming, at FiGURe 1. Immunoblot analysis of microsomal fractions from yeasts
y P g, expressing wild type and Pro448 mutants of CYP73A1. Four

65 °C according to established procedur2§)(Membranes micrograms of microsomal protein was loaded in each lane. The
were washed twice for 10 min with-2SSC and 0.1% SDS  immunoblot was probed, with polyclonal antibodies were raised

and once for 10 min with 0:2 SSC and 0.1% SDS at room against C4H purified from tubers ¢f. tuberosus
temperature, and then twice for 30 min with 8. 3SC and o N
0.1% SDS at 55C. The hybridization signal was recorded QO S \? N
by autoradiography. RNA amounts were standardized by ‘\86 &Pg’

guantification of the ethidium bromide staining of the RNA R\ -
gel before blotting.

Immunoblot AnalysisSDS-PAGE (10% total monomer,
0.3% cross-linker), electroblotting onto nitocellulose mem-
branes (Hybond C, Amersham), and immunoblot staining
using the rabbit polyclonal serum C4Hpal raised against
purified Helianthus tuberosusC4H were performed as
described by Werck-Reichhart et a27j.

RNA Blot and Immunoblot QuantificatiorBlots and
autoradiograms were scanned using an ARCUS Il scanner
and the Adobe Photoshop 3.0 program. Protein, transcripts,
and total RNA were quantified using the NIH Image
program, version 1.59.

SpeCtrOphOtometriC Measurements and Catalytic.Agti FIGURE 2: Steady state level d@YP73A1mMRNA obtained after
Spectrophotometric measurements of total P4Z§) énd expression of the wild type and Pro448 mutantSincereisiae.
P420 @9) content, evaluation of substrate bindirp), and (A) Ten micrograms of total RNA was loaded in each lane. The
measurements of NADPH Oxidatioﬂm were performed blot was probed Wlth _ézP-radiolf_albeled full-lengtﬁZYP73Alcod|ng
as described previously. Heme content was estimated fromSeduénce. (B) Ethidium bromide staining of the RNA gel before

. ' e o blotting.
the Soret absorption of the oxidized form of the purified

protein, or by using the pyridine hemochrome assay as ,qpieved using total RNA and microsomal membrane frac-

descnbed_ n re$1. ) ) . tions of transformed yeasts prepared simultaneously under
trans-Cinnamic aC|d1 hydroxylation was assayed using jgentical conditions of growth and induction.

2;';2&22? Ftrr:r?csg -a;C(]jzrs]Qgg]elg g/'%us(é;c(’?cﬁcm?’ The level of expression of the modified polypeptides was

deterr%inati'on of kinetic constants dgta were fit.ted using the first determined by ir_nmunoblot analysis. SDS- gel blots of

i ) D}\IRPE ASY derived from transfor_med yeast microsomes were probed with p_olyclonal

noniinear regression program antibodies raised against purifiet tuberosusC4H (Figure

DNRPS3 €3). ) ) 1). Quantification by densitometry of the immunodetectable
Cytochrome P450 SequencBd50 amino acid sequences  rqein indicated a ratio of the mutant to wild type enzyme

and comparison in the proximal and distal heme regions were ¢ ) 39 for the Pro448Phe, 0.68 for the Pro448Val, and 0.09
extracted from David Nelson'’s site on the World Wide Web ¢, the pro44sile constructs. The Pro448 mutation thus

server (http://drnelson.utmem.edu/nelsonhomepage.html). (aosuited either in a decrease in the extent of CYP73A1

RESULTS polypeptide synthesis or in accelerated protein degradation.
The proline to valine mutation seemed to be less disruptive
Modification of Pro448 Located in the Heme-Binding than the two other modifications. RNA blot analysis indicated
Region.Proline 448, adjacent to the invariant heme-binding @ slightly lower steady state level @YP73Altranscripts
cysteine 447, was modified by PCR-directed mutagenesisfor the three mutants than for the wild type cDNA (Figure
to isoleucine, valine, or phenylalanine, three of the hydro- 2). Relative amounts of transcripts were 1, 0.55, 0.63, and
phobic amino acids found in this location in non-plant and 0.66 for the wild type and the Pro448Phe, Pro448Val, and
in some plant P450s. Following a control for undesired Pro448lle mutants, respectively.
mutations, mutants and wild type cDNAs were cloned into  The presence and correct orientation of heme in the active
shuttle plasmid pYeDP60 and expressed in a yeast strainsite was then investigated by differential spectrophotometry,
engineered to overexpress its own reductase. The combinamonitoring spectral shifts of the Soret peak induced (i) by
tion of this yeast strain and plasmid was previously shown the binding of carbon monoxide to the reduced enzyme and
to allow high levels of expression of CYP73AB, (22). (i) by the binding of cinnamic acid to the native oxidized
Comparison of the expression, spectral properties, andprotein. Direct binding of CO as a sixth ligand to the iron is
catalytic activities of wild type and mutant proteins was expected to occur if heme is present and reduced. It also

0\0
‘040@

L AR A
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Table 4: Catalytic Activity of Wild Type and Pro448 Mutant Protéins

simple mutants His-tagged mutants

wild type Pro448Phe Pro448Val Pro448lle wildtype  Pro448Phe Pro448Val Pro448lle
P450 (pmol/mg) 795 10 137 7.8 762 60 15.4 3.7
P420 (pmol/mg) 0 27 0 18 0 75 36 42
P450+ P420 795 37 137 26 762 135 51.4 45.7
P450/P420 all P450 0.37 all P450 0.43 all P450 0.3 0.43 0.09
CYP73A1 (pmol/mg) 816 24 151 10.4 841 146 46.8 458
C4H activity (pkat/mg) 68323 24+11 199+ 3 6+0.3 331+14 80+ 1 9+3 5+2
NADPH oxidation (pkat/mg) 7663 64+25 378+58 12+3 377+52 54+ 22 nd nd
heme/protein ratio - - - - 0.41+0.01 0.49+0.02 0.30+0.02 0.36+0.02
relative level of protein expression (%) 100 39 68 9 100 57 47 34
relative no. of steady state transcripts 100 55 63 66 — - - -

aThe CYP73A1 content was determined from cinnamate-induced spectral changes, and P450 and P420 contents were determined from reduced/
CO-bound minus reduced spectra. Spectral data are means of two measurements. Hydroxyttaties{ '6€]cinnamic acid was measured using
the assay described previousB2). Microsomes (5@:g/mL) were incubated in a final volume of 204 of sodium phosphate (pH 7.4) containing
a saturating concentration () of substrate, 50@M NADPH, 5 mM glucose 6-phosphate, and 0.4 unit of glucose-6-phosphate dehydrogenase.
CYP73Al-dependent NADPH oxidation was monitored by difference spectrophotometry at 350 nm, after additiomMbfcBhamate to the
sample cuvette. The NADPH concentration was 500 and the concentration of microsomal proteins wasuB0mL in this assay. The heme
content was determined using the pyridine hemochrome assay. Values areinbarssandard deviation of three determinatidnsd, not detectable.

Wild-type  Prod48Phe Pro44g8Val Pro448lle These data were corroborated by measurement of catalytic
activity. The activity was monitored following both NADPH
oxidation induced by the addition of cinnamate and NADPH-
dependent hydroxylation of radiolabelgdns-cinnamate in
microsomes of transgenic yeast (Table 4). The rate of
NADPH oxidation decreased to 8, 50, and 1.5% &ads
cinnamate hydroxylase activity to 3.5, 29, and 0.9% of the
wild type rate when Pro448 was replaced by phenylalanine,
valine, and isoleucine, respectively. Some of these activities
were very low and near the detection limit of the assay.

o 4s w0 450 w w0 Presence of Heme in the Pro448 Mutanits. mutants,
Wavelength (nm) activity and correct hemeligand interactions decreased
Ficure 3: Reduced carbon monoxide difference spectragnd 2_1Q _tlme§ more than the Immunodetgcted enzyme. The
difference spectra induced by cinnamate binding (- - -) to oxidized Specific activities, expressed on the basis of the amounts of
microsomes derived from yeast cells expressing the wild type and functional P450 present, were however similar to or greater
e e o o iosho s €, St han (hat of the i ype. This may be due o he absence
indu?:ed by substrate binding were recgrded in the prgsencé of 100Of he.me. ina fracthn of t_he apoprote_ln, bpt (.:OU|d also result
#M cinnamic acid. from its incorrect orientation, preventing binding of substrate,
0O,, and CO. To clarify this point, mutants tagged with four
probably requires a correct orientation of the irguorphyrin histidines at the C-terminus were generated, expressed in
in the active site, since diatomic ligands such as CO or O Yeast, and purified by Ri-affinity chromatography. Ac-
are expected to interact with amino acids located at the cording to the X-ray structure of the soluble P450s, the
entrance of the | helix groove34, 35). The spectral shift ~ C-terminus of the protein is expected to be located at the
resulting from the binding of substrate, on the other hand, Surface of the cytoplasmic side of the folded polypeptide.
reflects a Change in the Spin state (IOW' to h|gh_sp|n) induced The 4His tag should thus not interfere with the core structure
by the displacement of a molecule of water bound as the Of the active site and be accessible enough for purification
sixth ligand on the heme iror8). Efficient displacement ~ Without protein dena.turation. It was, there_fore, ungxpected
of water by cinnamate thus requires a perfect conservationto observe a change in the relative expression of 4His-tagged
of the spatial structure of the active site and of the distance Mutants in yeast. Pro448Phe were slightly better expressed,
between the substrate binding site and the heme iron. Figurethe most significant changes being observed for Pro448Phe
3 shows that CO and cinnamate bind the wild type enzyme, (Table 4). This effect may result from the aromatic character
producing the expected shifts in the absorption maximum OF positive charges of the four histidines at the surface of
of the enzyme. Changes in heme absorbance resulting fromfhe protein. In the case of the Pro448val mutant, an
the binding of both ligands to the Pro448lle and Pro448Phe additional glycine to tryptophan mutation was found at
mutants decreased dramatically (Figure 3 and Table 4). A Gly387 which may explain the decreased level of expression
significant part of both mutants was detected as P420, anand stability of the protein.
inactive form of P450 where the hemthiolate bond is The heme content of the purified proteins was determined
believed to be disrupte®7). Higher amounts of hemoprotein ~ from reduced versus oxidized pyridine hemochrome spectra
properly binding cinnamate and CO were found in mi- (Table 4), similar results being obtained by direct measure-
crosomes of yeast expressing the mutant Pro448Val. Thisment of the Soret absorbance of the ferric protein. Heme-
mutant P450 appeared to be more stable, and was not readilyo-protein ratios measured for mutants were about the same
converted to P420. as that for the wild type. Small variations were observed

Absorbance x 100
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Ficure4: Immunoblot analysis of microsomal fractions from yeasts Po—— pr—— pram— prm——

expressing the wild type and | helix mutants of CYP73A1. Four
micrograms of microsomal protein was loaded in each lane. The Wavelength (nm)

immunoblot was probed with polyclonal antibodies raised against Figure 5: Reduced carbon monoxide difference spectragnd
C4H purified from tubers of. tuberosus difference spectra induced by cinnamate binding to oxidized

microsomes (- - -) derived from yeast cells expressing the wild type
among the mutants which roughly correlated to the relative and | helix mutants of CYP73A1. Spectral analyses were conducted

level of expression and activity of the modified proteins. USing identical amounts of microsomal proteins (0.4 mg/mL). Shifts
. . . - induced by substrate binding were recorded in the presence of 100

Despite a dramatic decrease in substrate and CO binding and,y; cinnamic acid.

catalytic activity, heme is thus present in all mutants.

Heme-to-protein ratios measured in this experiment, rang- Taple 5: Spectral Parameterstedns-Cinnamate Binding to the
ing from 0.3 to 0.49, were significantly smaller than the wild Type and I Helix Mutants of CYP73/1
expected value of 1. This may result from some diffuse Ala307Gly/
protein contamination, from a bias in the protein determi- wild type  Ala307Gly Ala306Gly Ala306Gly
nation, or from the loss of heme induced by imidazole during Ks.app(tM) 348+ 0.25 1.85+0.25 2.62+ 042 4.92t 054
the purification procedure. In this case, heme loss might AA,./P450 123+ 4 136+ 9 100+ 5 93.9+ 8.5
depend on the change in amino acid. (A mmol™)

Modifications of the | HelixTo determine the respective % of HS 100 109+ 7 81+4 r6+7
functional importance of the two alanines which are supposed ®The apparent dissociation constaldt £, for cinnamic acid and
to be forming the N-terminal border of the | helix cleft that the maximum amplitude of the spectra at saturation were deduced from

I ted th df id f th he variation inAAggo-420 VS Substrate concentration. Difference spectra
are oc'a e . ree and four residues away irom . e Con§erve ere recorded with 0.4 mg/mL yeast microsomal protein in the cuvettes.
threonine in CYP73A1, we replaced them with glycines. p4s0 contents were calculated from the CO binding spectra. The

Both the Ala307Gly and Ala306Gly single mutants, and the percentage of high spin (% of HS) at the saturating concentration of

double Ala307Gly/Ala306Gly mutant, were generated. Com- Substrate was calculated with reference to the wild type enzyme,

parison of the expression levels, spectral properties angdassuming that a total low- to high-spin conversion was obtained in the
. o . ' ' case of wild type CYP73A120).

catalytic activities of the wild type and mutant proteins wild typ 2

expressed in yeast was achieved like it was for mutants ofincreased in the case of the Ala307Gly and double mutants
the heme-binding region. and decreased for the Ala306Gly protein, but these changes
Immunoblot analysis, performed with microsomes of the were not dramatic. The maximum amplitude of type | spectra
transformed yeasts, indicated good expression of the modifiedresulting from the binding of substrate was also modified.
proteins, although slightly lower quantities were produced If we assume that cinnamate is capable of totally displacing
than with the wild type (Figure 4). The ratios of mutant to the solvent in the wild type CYP73A2P), the comparison
wild type proteins quantified by densitometric scanning of of the AAn./P450 ratios calculated for the mutants versus
the immunoblot were 0.70, 0.69, and 0.76 for the Ala307Gly, the wild type [expressed as a percentage of high-spin enzyme
Ala306Gly, and double mutants, respectively. A reduced (% of HS)] should give an indication of the residual solvation
level of protein accumulation observed for the mutants did of the active site after saturation by the substrate. As shown
not result from a reduced level of message synthesis orin Table 5, the % of HS measured for the Ala306Gly and
stability since similar amounts @YP73Altranscripts were  double mutants indicated the presence of residual water in
detected in yeasts expressing the wild type and mutants (nothe active site. This is probably due to the nonoptimal
shown). The presence of smaller amounts of CYP73A1 in orientation or increased mobility of the substrate. For the
microsomes from yeasts expressing the mutant proteins wasmutant Ala307Gly, in contrast, the % of HS reflected an
confirmed by spectrophotometric analysis (Figure 5). The ideal fit of the substrate in the active site.
amounts of CO-binding P450 detected in the mutants relative The catalytic efficiency of the modified proteins was
to that in the wild type (0.75, 0.70, and 0.69 for the determined from measurements of the levels tins
Ala307Gly, Ala306Gly, and double mutants, respectively) cinnamate hydroxylation and NADPH oxidation, the number
were in agreement with the immunoquantification of the of NADPH oxidized per substrate hydroxylated yielding
protein. information on the coupling of the reaction (Table 6).
To detect possible changes in the geometry of the active Differences inKm appwere small, but similar to those & app
site and in the positioning of the substrate relative to heme They confirmed a small increase in the affinity for the
iron, theKs sppand AAmax induced by cinnamate binding to  Ala307Gly mutant. Differences iiico: and coupling were
the wild type were compared to those measured with the more significant. Thé,increased 37% for the Ala307Gly
mutant proteins (Table 5). The affinity for cinnamate was mutant and decreased about 75 and 50% for the Ala306Gly
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Table 6: Comparison of the Catalytic Parameters of the Wild Type and | Helix Mutants of CYP73A1

wild type Ala307Gly Ala306Gly/Ala307Gly Ala306Gly
Kim,app(«M) 1.94+0.26 1.66+ 0.24 2.65+ 0.30 282+1.11
Keat (Min~2) 70.2+ 1.7 96.2+£ 5.0 33.1£1.9 16.0+ 4.0
Keal Km,app(Min~t mM~2) 36 58 12 5.6
no. of NADPH oxidized per hydroxylated substrate 148.06 1.24+0.19 2.82+0.20 5.31+1.84

a Evaluation of activity was performed using transformed yeast microsomes. Assalfs, fand turnover determinations contained 500@
NADPH, 5 mM glucose 6-phosphate, 0.4 unit of glucose-6-phosphate dehydrogenagén2microsomal protein, 0.1 M sodium phosphate (pH
7.4), and 0.5-50 M radiolabeled cinnamate in a final volume of 200. The ratios of the extent of NADPH oxidation to cinnamate hydroxylation
were calculated from assays using the same concentrations of NADPHxBf0substrate (5Q:M), and enzyme (4Qig/mL of microsomal
protein).

Ala306Gly

Wild type  Ala307Gly  Ala307Gly  Ala306Gly 100 Al2307Gly
75 |
9 I
e 50
=3 _,_2~ 25 L Wild type
= 2
b ° 0 | ] ! [ ! !
3 ©
g g 100 Ala306Gly
e e Ala307Gly
] = 75
3 o
< o« 50
0 _10 20 30 25 |
Tirpe (min) Titme (min) J
450 500 450 500 0
Wavelength (nm) O 20 40 60 0 20 40 60

Ficure 6: Evolution of the CO binding spectra recorded with the . . .
sodium dithionite-reduced microsomes from yeasts expressing the Incubation time (min)

wild type and distal mutants of CYP73A1. Microsomes were diluted Figure 7: Time-dependent inactivation of the wild type and | helix

to 0.4 mg of protein/mL in 0.1 M sodium phosphate buffer (bH mutants of CYP73A1. Transgenic yeast microsomes were incubated
7.4) containing 20% glycerol and reduced with solid sodium gt 30°C in 0.1 M sodium phosphate buffer alona)( in the
dithionite. Difference spectra were recorded-) (5, 10, 15, 20, presence of 50aM NADPH (@), or in the presence of 500M

and 30 ¢ - —) min after saturation of the assay cuvette with CO. NADPH and 5Q«M cinnamate [{l), before measuring the residual

For the wild type and the Ala307Gly mutant, only the spectra at 0 C4H activity. Data are means of two determinations.
and 30 min are shown. In the insets are shown graphic representa-

tions of the decrease ifsonm Vs time. The absorbance recorded activity. Figure 7 shows that inactivation curves were similar
immediately after saturation with CO was used as a reference. All whether the enzyme was incubated alone, in the presence of
specira were recorded at 30. NADPH, or with NADPH and cinnamate. The extent of

and double mutants, respectively. The decreasecn inactivation of the wild type enzyme was significant (about

detected for the two Ala306 mutants were correlated to an 40% in 60 min), but it was relatively slow compared to the
uncoupling of the reaction. inactivation of the modified proteins. The fastest inactivation

Stability of the | Helix MutantsWhen recording the ~ (@Pout 90% within 40 min) was observed for the two

reduced CO binding spectra, we observed a rapid decreasd —4-modified enzymes. The inactivation of the Ala307Gly
in the absorbance maximum at 450 nm and a simultaneousMutant was intermediate between those of the wild type and
increase in the absorption at 420 nm in microsomes of yeast© the T-4-modified proteins.
expressing the Ala306Gly mutant. We therefore monitored
changes in reduced CO binding spectra as function of time DISCUSSION
for the wild type and for three modified proteins (Figure 6).
A rapid conversion of P450 into the inactive P420 was  Comparison of three-dimensional structures of the crystal-
detected for the Ala306Gly mutant and, to a lesser extent, lized, soluble bacterial P450s reveals that, despite sequence
for the Ala306Gly/Ala307Gly mutant. The extent of conver- identities of less than 20%, the different proteins clearly
sion in 30 min was around 50% for the-# mutant and possess the same set of secondary structural elements
about 35% for the double mutant. For the wild type and arranged in a very similar overall fold18, 38). The
Ala307Gly mutant proteins, decreases in absorbance at 450superposition of @ backbones and heme groups points to a
nm after incubation for 30 min at 30C were similar and region of very high structural similarity around the prosthetic
very small. group which defines a conserved P450 “core” structig.
Differences in enzyme stability provided a possible This structure is composed of the D, E, anell helices,
explanation for the differences in enzyme abundance andg-sheets 1 and 2, and the heme binding region. The core
keatmeasured in our experiments. We thus further investigated structure is expected to be found in all P450s. It is probably
the stability of the mutants in yeast membranes at@0n important for the folding of the protein, the heme binding,
their native oxidized forms or in the presence NADPH, alone and the catalytic functions common to all P450s.
or in combination with the substrate. The functional integrity ~ Alignment of sequences from various membrane-bound,
of the enzyme was monitored by measurements of catalyticeukaryotic P450s1(7, 39, 40) reveals domains that exhibit
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higher sequence similarity which are located principally in active site. To test for the presence of heme, His-tagged
the C-terminal portion of the proteins. Such regions of high mutants were generated, purified, and tested for their specific
similarity are likely related to conserved structure and heme content. Very similar heme-to-protein ratios were
catalytic properties common to all P450s. Indeed, when measured for the wild type and mutants. Heme is thus present
compared to the sequences of the crystallized P450s, thesén all mutants, but some folding defect or conformational
regions map very well on structural elements in the core change alters the interaction between the heme and apo-
structure that has been well characterized for the bacterialprotein. For all mutants, a small proportion of the protein
proteins (3, 18, 41). In addition, the secondary structure reaches a functionally active conformation. The active form
predicted from the primary sequences of various mammalianof the mutants, however, is apparently less stable than the
P450s matches the secondary structure of Rdbs@ven wild type, and in most cases readily converted into P420.
though amino acid sequence identities are only 13%. ( Since specific activities of the mutants, expressed on a per
Several attempts have been made to build three-dimensionaP450 only basis, are substantially higher than that of the wild
structural models of the membrane-bound P450s with type, the P450 to P420 conversion presumably only occurs
homology building based on the crystal structure of R450  after reduction of the enzyme. In the case of the Pro448Phe
(43—45) or on that of other bacterial proteinsq 41, 46— mutation, and more strikingly in the case of the Pro448lle
48). Other authors have used a combination of homology mutant, the proline modification also decreased the ac-
building techniques and site-directed mutagenesis to improvecumulation of the immunoreactive protein (Figure 2). This
the validity of the models49—51). Structural models built ~ may reflect an accelerated degradation of the most unstable
for membrane-bound P450s indicate a high variability at the conformations of the protein, but may also result from a
surface of the protein for structures involved in the binding perturbation in the synthesis of the hemoprotein, involving
of the redox partner, in docking of the substrate, or in the folding or heme incorporation. The decrease in the steady
membrane anchor. The core structure surrounding the hemestate level of CYP73A1 transcripts detected in the case of
is, however, very well conserved. The most highly conserved the mutants may reflect difficulties in completely controlling
regions are those spanning both sides of the heme surfacall parameters of the induction process, but may also be
and those which are directly involved in heme binding or indicative of aborted translation due to difficult heme
catalysis. Conservation is true, in terms of both structure and cotranslational incorporation, and resulting in accelerated
sequence (Tables 1 and 2). degradation of the mRNA.

The heme is covalently bound to a cysteine which is  The replacement of Pro448 by a valine was the only
invariant in all P450 proteins. This cysteine is located in a modification which led to a more stable protein that was
p-bulge often called the cysteine pocket that seems to envelopnot readily converted into P420. It was also the only mutation
the sulfur-iron bond in a hydrophobic environment. The for which highest hemoprotein and catalytic activity was
pocket seems to be closed on both sides by highly conserveddetected. This can be taken as an indication that the bulk of
residues. On the N-terminal side, a phenylalanine residuethe CG+1 amino acid side chain may hinder the folding of a
(C—7) located very close to the sulfuiron bond completes  correct core structure. However, modeling of the CYP73A1
the hydrophobic enclosure of the proximal side of the heme. active site on the basis of the crystallized bacterial proteins,
On the C-terminal side, a strictly conserved glycine-@, and replacement of Pro448 by lle, Val, or even Phe, do not
allowing for a sharp turn, controls the transition from the show any sign of major steric hindrance that might result
cysteine pocket into the L helix and the close approach to from replacement of the pyrrolidine group. The changes in
the heme. The residue att@ is more variable. In most  the levels of relative expression observed for the His-tagged
P450s, it is a hydrophobic aliphatic (L, I, V, or A) or aromatic mutants also tend to confirm that the size of thelQesidue
(F) amino acid. In all CYP73As, but also in the majority of side chain is not the most critical determinant of protein
plant P450s and in very few bacterial or animal enzymes, stability. Proline is unique among amino acids in that the
for example, CYP104 fronAgrobacterium tumefaciensr side chain is cyclized back onto the backbone amide position.
the CYP7 family, this residue is a proline (Table 1). The This character confers constraints on the peptide chain and
presence of a proline at this location was unexpected restricts the conformational space of the preceding residue.
considering the constraints imposed by the conservation of The C+1 proline may thus be critical for reaching a stable
the global core structure and by the key roles of the two conformation. On the other hand, proline is allowed to adopt
adjacent amino acids. To determine if the presence of thisa cis conformation more easily and more frequently than the
proline at Ct+1 was really important and likely to influence 19 other amino acids. In the crystallographically solved
the overall topology of the core, we exchanged proline 448 structures, the residues at the-C position are in a regular
of CYP73AL1 for a valine, an isoleucine, or a phenylalanine. trans conformation and there is no indication that Pro448

Modification of the Pro448 led to a drastic loss in enzyme should behave differently. A cis conformation would require
activity (Table 4). This activity loss occurred together (i) a major rearrangement of the cysteine loop and L helix, but
with a decrease in CO binding and (ii) with only small the possibility that Pro448 transiently adopts a cis conforma-
uncoupling, since the rate of oxidation of NADPH decreased tion during the chain folding and heme incorporation cannot
with C4H activity. Proline mutation thus seems to result in be excluded. Proline cidrans isomerization has indeed been
an impaired dioxygen binding and reduction. A dramatic shown to regulate the folding process2( 53). Finally, a
decrease in the substrate-induced shift in heme absorbanceompletely conserved CP pair was recently characterized as
was also observed in the microsomes from transgenic yeasthe heme-binding motif of a wide range of heme-regulated
expressing the mutant proteins (Figure 3). The most likely proteins, including the yeast transcriptional activator HAP1,
explanation of the loss in catalytic function is thus either humand-aminolevulinate synthase, yeast heme ly&seoli
the absence or a change in the orientation of heme in thecatalase, and rat heme oxygenase.(It was found that
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cysteine was absolutely essential for the binding of heme, This unusual 3 alanine is also present in a few other plant
and that a change of the proline to alanine decreased theP450s such as CYP79, CYP71C1, CYP75A1, and CYP90,
affinity of interaction of hemin for a 10-amino acid model all of which are involved in the synthesis of molecules with
peptide mimicking the heme regulatory motif found in these important physiological functions such as defense or signal-
proteins. Such data suggest that proline may also contributeing, and in a very few bacterial or animal enzymes, including
to the incorporation of heme into growing or incompletely the CYP19 (aromatase) and CYP24 families involved in the
folded P450 polypeptide. At the present stage, it is difficult synthesis of steroid hormones (Table 2). Our aim in this work
to determine if the decrease in the level of immunodetectablewas to investigate to role of the highly conservee 3r
protein observed for the mutants results from an acceleratedglycine, and the reason for its substitution with an alanine
breakdown of a destabilized hemoprotein or from disrupted in CYP73As, but also to gain an insight into the functions
translation due either to misfolding or to an inefficient of the T—4 alanine. We thus replaced each or both of the
cotranslational incorporation of heme. The slightly lower T—3 and T4 alanines with glycine, creating mutations
heme-to-protein ratios observed in the case of the Pro448Val-which seemed to be compatible with the functional core
4His and Pro448lle-4His mutants, and the easy conversionarchitecture of the enzyme.

of some mutants into P420, \_/vould support the first hypoth- 5404 expression of catalytically active enzyme was
esis. The apparent decrease in mutant transcripts would pleadytained for all three mutants (Figure 4 and Table 6).
for the second. Both mechanisms may actually converge 10 comparison of the amounts of immunodetected protein and
lead to enzyme loss and inactivation. of the relative amplitude of the reduced CO binding spectra
The distal side of the heme is spanned by the central partiq not indicate any major alteration in heme binding (Figure
of the I helix. This region corresponds to the second most 5). Ala to Gly mutations thus probably had no profound
highly conserved structure in all P450s. It is characterized change on the core architecture. Substitution of th& &nd
by a disruption of the normal helical hydrogen bonds that 1_4 “residues, however, resulted in changes in substrate
results in the formation of a groove or cleft filled with  inging catalytic efficiency, and stability of the protein.
ordered solvent molecules. This structure is stabilized by a \jeasurement of the substrate binding characterisKgs,f

complex set of hydrogen bonds between amino acids or 4y o4 of HS) clearly indicated subtle changes in substrate
between amino acids and solvent molecules. The amino ac'd%rientation in the active site occurred (Table 5)

which border the groove seem to play a critical role in the . .
stabilization of the structure and in catalysis. The groove is . The AIa307§Iy _mutatlon apparently _Ied o a §I|ghtl.y
bordered on the C-terminal side by a highly conserved improved positioning of the substrate in the active site

threonine (T310 in CYP73A1) preceded by a conserved compared to t_hat of the wild type, sincc_a ﬂhefor cinnamate
acidic amino acid. The N-terminal border is formed by an was reproducibly decreased and the sixth ligand to the heme

alanine (F-4), sometimes by a glycine, which is usually iro.n was efficiently displaced. An improved.catalytic ef-
followed by a highly conserved glycine €B). In crystallized ficiency was thus expgctgd for this mutant. This was actua}lly
proteins, the side chain of the conserved threonine forms a®PServed when the kinetic parameters of the hydroxylation
hydrogen bond with the carbonyl oxygen atom of the alanine reaction were m(_aasured (Table 6). The_ femoval of the alanine
located at F-4, on the other side of the cleft. The carbonyl methyl side C.halljl thus seemt_ad to facilitate substra;e access
oxygen of this alanine forms a second hydrogen bond to the O the catalytic site and positioning cl_ose to heme iron. So
axial ligand (water or hydroxide) to the heme iron. When a Why was an alanine maintained in-B in all CYP73s?
second threonine is present atT (which is the case for In the absence of crystallographic data, interpretation of
P45Q\s and P45Q,, but also for CYP73A1), a second these results remains speculative. The removal of the alanine
hydrogen bond is usually observed between the side chainmethyl side chain may induce a reorientation in the side
of this threonine and the residue at+3. The conserved chains of adjacent residues, increase the mobility of the
acidic side chain at ¥1 forms salt bridges or hydrogen substrate, or leave an empty space for an additional molecule
bonds with basic residues close to the surface of the protein.of solvent in the active site. It has also previously been
The functions of these conserved residues are probablysuggested that the presence of a glycine or a proline in this
multiple, and still disputed. When the substrate is bound to or the adjacent position might help to create a bend or a
the active site, they may provide a binding pocket for kinkin the I helix structure which would establish an optimal
diatomic ligands such as dioxygeB5]. By contributing to fit of the substrate in the catalytic site or help the folding or
the modification of the | helix and to the building of a water breathing of the P450 proteii9, 50). Increased mobility
channel, or more directly by a mechanism of charge relay, does not seem to be a factor considering that the binding
they likely participate in the transfer of protons to the heme- constants and catalytic efficiencies are improved, and
bound reduced dioxygen and to the splitting of the molecule coupling of NADPH oxidation and substrate hydroxylation
(13). In addition, due to their proximity to the reactive center, is good. The stability of the reduced CO complex (Figure
they have been shown to influence substrate specificity or 6), likewise, seems to indicate that there is no perturbation
substrate positioning in the active si@5(54—57). in the interaction of the mutant with diatomic ligands such
The role of the hydrophilic amino acids at the C-terminal as dioxygen. CYP73A1, when incubated at°80 is rapidly
border of the | helix groove has been extensively investigated inactivated in the presence or absence of substrate and of
by site-directed mutagenesis and crystallographic studiesthe NADPH cofactor. The inactivation is significantly
(54—57, 59—65). Much less is known about the function of accelerated in the Ala307Gly mutant. A possible interpreta-
the amino-terminal hydrophobic residues. CYP73As all tion is that a minor alteration in the geometry of the | helix
present a divergent amino acid in-8 (A instead of G) groove reduces the stability of the core structure. This may
compared to the vast majority (i.e., 95%) of other P450s. occur when an additional molecule of solvent modifies the
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hydrogen bond network or when a bend in the helix backbone mutations in this region that (1) influence the binding (affinity
is introduced. Another possibility is that the hydrophobic and positioning) of the substrate in the active site, (2) deeply
alanine methyl side chain helps to prevent uncontrolled affect the stability of the enzyme, whereby removal of either
solvent proton transfer to the active center and to generateor both of the alanine methyl groups by substitution with
reactive oxygen. Evolution would thus have chosen stability glycines leads to rapid and spontaneous inactivation of the
over efficiency. enzymes, and (3) in the case of the A to G mutation+4T

A very different situation is observed in the case of the result in the destabilization of the P45@iatomic ligand
Ala306Gly mutant. Substrate binding parameters indicate complex. The presence of a helix-breaking residue N-
both a decreased affinity and either an increased mobility terminal to the | helix cleft is clearly not essential for building
or an incorrect positioning of the substrate in the modified a functional P450 core structure.
active site. The altered substrate binding results in a 6-fold  Crystallographic data for P450 enzymes exhibiting similar
decrease in the catalytic efficiency and in a 5-fold excess in features are needed to provide more accurate structural

NADPH reduced per hydroxylated cinnamate. The mutation explanations of these results.

also results in a destabilization of the reduced CO complex
that is rapidly converted to P420. Incubated at°8) the
enzyme is almost totally inactivated in 40 min. In crystallized
structures, the F4 residue is the | helix amino acid located
closest to the heme irorld). It has been shown to directly
interact with the substrate3%) and to occupy a strategic
position at the entrance of the | helix groove, contributing
to its structure, to the binding of the axial diatomic ligand,
and possibly to the transfer of protons from the distal surface
of the protein. The removal of the methyl side chain of
Ala306 may thus have multiple consequences. It could result
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in a looser binding of cinnamate if one of the roles of the REFERENCES

side chain is to push the substrate closer to the catalytic iron,
thereby establishing a hydrophobic interaction with the
cinnamate phenyl ring. This is clearly not the only function
of this methyl group. It also seems to be needed to avoid
disruption of the hemeprotein interaction in the reduced
CO diatomic ligane-P450 complex, perhaps by preventing
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