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ABSTRACT. Phenylalanine and/or tryptophan scanning mutagenesis was performed at 15 sites within
CYP3A4 proposed to be involved in substrate specificity or cooperativity. The sites were chosen on the
basis of previous studies or from a comparison with the structure ofcR466ntaining two molecules

of androstenedione. The function of the 25 mutants was assessed in a reconstituted system using
progesterone, testosterone, 7-benzyloxy-4-(trifluoromethyl)coumarin (7-BFC-aaghthoflavone (ANF)

as substrates. CYP3A4 wild type displayed sigmoidal kinetics of ANF 5,6-oxide formation and 7-BFC
debenzylation. Analysis of 12 mutants with significant steroid hydroxylase activity showed a lack of
positive correlation between ANF oxidation and stimulation of progestergrgy@roxylation by ANF,
indicating that ANF binds at two sites within CYP3A4. 7-BFC debenzylation was stimulated by
progesterone and ANF, and 7-BFC did not inhibit testosterone or progestefhgdoxylation.
Correlational analysis showed no relationship between 7-BFC debenzylation and either progesterone or
testosterone Bhydroxylation. These data are difficult to explain with a two-site model of CYP3A4 but
suggest that three subpockets exist within the active site. Interestingly, classification of the mutants according
to their ability to oxidize the four substrates utilized in this study suggested that substrates do bind at
preferred locations in the CYP3A4 binding pocket.

Cytochrome P450 (CYP)3A4 is the major drug- metabolism in vivo in a rat modelld, 15). Recently, the
metabolizing enzyme in the human liver, oxidizing ap- CYP3A4-catalyzed formation of 5-hydroxydiclofenac in
proximately 50% of drugs currently on the markéf ). incubations with human liver microsomes was reported to
Consequently, CYP3A4 inhibition or induction is also a be stimulated by the presence of quinidirkg)( In vivo
major concern in the development of new drugs, as the studies with monkeys also demonstrated stimulation of
enzyme is involved in many drugdrug interactions3, 4). diclofenac metabolism in the presence of quinidih@)(

These interactions can be unpredictable, especially in light The emerging hypotheses of the mechanism of CYP3A4
of the atypical kinetic behavior of CYP3A4 observed in vitro Cooperativity involve double occupancy of the b|nd|ng pocket
with some substrates such as aflatoxin(B), amitriptyline (6, 11, 12, 18), triple occupancy of the pockel&—20), or
(6), caffeine {), carbamazepineg], progesteroned), and  the existence of functionally distinct conformer&1),
diazepam 10, 11). Such substrates yield sigmoidals S Korzekwa et al. described a two-site enzyme model that may
plots, indicative of positive homotropic cooperativity. In  account for the atypical enzyme kinetics exhibited by a
addition, effectors such as-naphthoflavone (ANF)q, 12) number of P450 isoforms2@). The authors proposed that
and testosterones) cause stimulation of CYP3A4 activity  within a two-substrate-bound active site, both substrates,
toward some substrates, referred to as heterotropic cooperthrough rotation and translation within the time frame of the
ativity. This phenomenon was first noted in vitro with oxidation step, have access to the reactive oxygen but no
flavonoids (3), which were also shown to activate drug preferred orientations2@). Shou envisioned that there are
two distinct substrate binding sites, with each substrate
t Supported by Grant GM54995 (J.R.H.) and Center Grant ES06676 Naving a preferred orientatio ). Our laboratory suggested
from the National Institutes of Health. that the substrate and effector occupy separate positions and
77;T9% %*10'2“ Cp"zggogggng&szhogld b?- atd%YESSEd-éﬂimgn%i (409)that only the former has access to the reactive oxy@éh (
These aﬁ?ﬁogs cgntributed équar}?iltb ta;leowglrnkspresente'c(zla ig.this These models have been used s_uccessfully_tq explain several
paper. recent examples of heterotropic cooperativity or lack of

1 Abbreviations: CYP, cytochrome P450; ALA-aminolevulinic competition between two substrates that exhibit Michaelis
acid; ANF,a-naphthoflavone; 7-BFC, 7-benzyloxy-4-(trifluoromethyl)- inati _
coumarin; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]propane- Men_ten klnetl.C§ £3-25). . .
sulfonate; DOPC, dioleoylphosphatidylcholine; HEPES2-hydroxy- It is more difficult, however, to utilize two-site models to
ethyl)piperazineN'-2-ethanesulfonic acid; 7-HFC, 7-hydroxy-4-(tri-  explain the lack of mutual competitive inhibition observed

fluoromethyl)coumarin; IPTG, isopropyi-o-thiogalactoside; MOPS,  patween certain substrates that exhibit sigmoidal steady-state
4-morpholinepropanesulfonic acid; OH, hydroxy; PCR, polymerase

chain reaction; RPR 106541, (RP16a.,17a-[butylidenebis(oxy)]- kinetics or binding isotherms, su.ch as diazepam and test-
60,90-difluoro-118-hydroxy-17B-(methylthio)androst-4-en-3-one. osterone 2Z6) or ANF and aflatoxin B (6). We therefore
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between the substrate and effector properties of ANF, and
(3) seek evidence for preferred locations within the active
site for oxidation of the different substrates. The results of
functional and correlational analyses and molecular modeling
provide further evidence to support a three-site model for
CYP3A4.
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Ficure 1: Working models of the active site of CYP3A4. The EXPERIMENTAL PROCEDURES

e e B s o ., MateilsOlgonucieotde primers were obtaine rom the
the iron (Fe). E represents a noncatalytic effector site;;Sarsd University of Texas Medical Branch Molecular Biology Core
S, represent substrate binding sites. Laboratory (Galveston, TX) or from Sigma Genosys (Wood-
lands, TX). Restriction enzymes were purchased from Life
recently proposed a model in which each substrate occupiesl€chnologies, Inc. (Grand Island, NY). The Expand PCR
a preferred location in the vicinity of the active oxygen and kit and Rapid Ligation kits were obtained from Roche
where the substrates compete for a more distal effector site(Indianapolis, IN). The TA cloning kit was obtained from
(19) (Figure 1C). A critical distinction between models Stratagene (La Jolla, CA). CHAPS, NADPH, DOPC, ANF,
involving double or triple occupancy of the binding pocket ALA, IPTG, progesterone, and testosterone were obtained
is whether effectors such as ANF bind at the same location from Sigma Chemical Co. (St. Louis, MO). The BCA Protein
when serving as activators as when serving as substrates. AAssay kit was purchased from Pierce (Rockford, IE)C]-
key observation of Korzekwa et alk2) was that phenan- ~ Progesterone was purchased from DuPont-New England
threne and ANF showed binding constants as effectors Nuclear (Boston, MA), and'{C]testosterone was purchased
similar to their respectivi, values as substrates. However, from Amersham Pharmacia (Arlington Heights, IL). 7-BFC
more recently that same group reported a much higlher ~ was purchased from Gentest (Woburn, MA). 7-HFC was
value for ANF oxidation by CYP3A423). Furthermore, with  purchased from Molecular Probes (Eugene, OR). HEPES was
purified recombinant CYP3A4, sigmoidal steady-state kinet- purchased from Calbiochem (La Jolla, CA), and thin-layer
ics of ANF oxidation 20) and sigmoidal binding curve4$, chromatography plates [silica gel, 2bt, Si 250 PA (19C)]
20) have been reported. Therefore, the possibility that were obtained from Baker (Phillipsburg, NJ). Talon metal
CYP3A4 has a separate noncatalytic effector site (Figure affinity resin was purchased from Clontech (Palo Alto, CA).
1B,C) remains a strong one and has a precedent in bacteriaPll other reagents and supplies were obtained from standard
P45Q,~ That enzyme exhibits cooperative binding of Sources.
androstenedione, and recent X-ray crystallographic analysis Construction of Mutant Plasmid#ll mutants generated
revealed two molecules of steroid in the active site, one of in this study were verified by sequencing to ensure the
which appears to be located too far from the heme to have presence of the desired changes and the absence of extrane-
access to the active oxyged7). ous mutations (Protein Chemistry Laboratory, University of
Whereas other laboratories have utilized a variety of Texas Medical Branch, Galveston, TX). Mutants L210W,
substrates, effectors, and inhibitors as mechanistic probes 0f~213W, 1301F/W, and L373F/W were produced using a one-
CYP3A4 @, 11, 18, 20, 22—25), our approach has beento step PCR method. Each mutagenic primer (Figure 2)
perturb the enzyme by site-directed mutagenesis. Previouscontaining the recognition site for a unique restriction
work in our laboratory has implicated a number of CYP3A4 endonuclease was utilized with a vector-specific primer
amino acid residues in substrate recogniti@8—33). In containing a second unique restriction endonuclease recogni-
those studies substitutions were made with side chains oftion site in amplification reactions. The products were cloned
similar or smaller size, and most of the residues identified directly into pCRII, the presence of the appropriate DNA
(119, 301, 304, 305, 309, 369, 370, 373, 479) have directinsert was verified by sequencing, and the appropriate
active site counterparts in the subsequently determined X-rayrestriction endonucleases were utilized to generate the desired
crystal structure of mammalian CYP2CB4( 35). Other fragments. These fragments were purified with a GeneClean
studies utilized similar methods to generate larger side chainsKit (Bio101, Vista, CA) and ligated into plasmid pKK3A4His
at residues Leu-211 and Asp-214, and the results implicatedor PSE3A4His treated similarly.
these sites in both heterotropic and homotropic cooperativity Mutants 1369F/W and A370F/W were constructed in a
(12). Analysis of Ala and Trp mutants of CYP3A4 residue similar manner, except plasmids pKK3A41369VHis and
Phe-304 indicated that this amino acid plays a dual role, pKK3A4A370VHis, respectively, were used as templates.
contributing to substrate oxidation and effector actia8, ( Four histidine residues were added to the C-terminus of
28). Interestingly, residues 211, 214, and 304 in CYP3A4 3A41369V and 3A4A370V 80) as described 28). The
appear to map to residues in P456that are within 5 A of products of the one-step PCR were treated as described for
the more distal androstenedioriy). those above, and the desired restriction fragments were
In the present investigation 15 amino acid residues in subcloned into pKK3A4I369VHis and pKK3A4A370VHis,
CYP3A4 suggested by analogy with CYP2C5 or P40 respectively.
were substituted with the largest nonpolar amino acids, Phe Mutants F215W, Y307W, and T309F/W were constructed
and/or Trp, and function was assessed with four substratesutilizing the Expand PCR kit as described previousig)(
that yield sigmoidal steady-state kinetics with wild-type Plasmid pSE3A4His was utilized as the template, and each
CYP3A4. The goals were to (1) identify additional residues reaction contained the appropriate sense and antisense
that contribute to cooperativity, (2) assess the relationship primers (Figure 2). Mutants S119F/W, 1120F/W, A305F/W,



10152 Biochemistry, Vol. 40, No. 34, 2001

F108W:

S119F (sense):
S119F (antisense):

S119W (sense):
S119W (antisense):

[120F (sense):
I120F (antisense):

[120W (sense):
1120W (antisense):

L210W:
F213W:

F215W (sense):
F215W (antisense):

1238W:
I30IF/W:

A305F/W (sense):
A305F/W (antisense):

Y307W (sense):
Y307W (antisense):

T309F/W (sense):
T309F/W (antisense):

1369F/W:
A370F/W:
L373F/W:

L479W (sense):
L479W (antisense):

Ficure 2: Primers used for amplification of 3A4 cDNA single

GTCTTCACAAACCGGAGGCCCTGGGGTCCAGTGGGATTT

GAAAAGTGCAATATTCATAGCTGAGGATGAAGAATGG
CTCAGCTATGAATATTGCACTTTTCATAAATCCCACTGG

GAAAAGTGCCATATGGATAGCTGAGGATGAAGAATGG
CTCAGCTATCCATATGGCACTTTTCATAAATCCCACTGG

GAAAAGTGCGATATCTTTCGCTGAGGATG
CATCCTCAGCGAAAGATATCGCACTTTTC

GTGCCATCAGCTGGGCTGAGGATG
CCATTCTTCATCCTCAGCCCAGCTGATGGCAC

GCGGGATCCAAAAAATCAAATCTTAACCACTTCTTGGTG
GCGGGATCCAAAAAATCCCATCTTAAAAGC

CTTTTAAGATTTGATTGGTTAGATCCATTCTTT
AAATCTTAAAAGCTTCTTTTGGTG

CTTGAAGTATTAAATTGGTGTGTGTTTCCAAGA

ATCTGGAGCTCGTGGCCCAATCAATTTKSTTTATTTITGC

CTTTATTTTTTKSGGCTATGAAACC
AAAAATAAAGATAATTGATTGGG

ATCTTTATTTTTGCTGGCTGGGAAACCACGAGC
AGCAAAAATAAAGATAATTGATTG

GCTGGCTATGAATKSACGAGCAGTG
CATAGCCAGCAAAAATAAAGATAATTG

ATGGTGGTTAACGAAACGCTCAGATTATTCCCATKSGCTATGAGA

ATGGTGGTTAACGAAACGCTCAGATTATTCCCAATTTKSATGAGACTTG

ATTCCCAATTGCTATGAGATKSGAGAGGGTCTG

TGAAATTAAGCTGGGGAGGACTTC
GGTTGAAGAAGTCCTCCCCAGCTTAATTTC

Domanski et al.

in 10 mL of buffer A [100 mM MOPS (pH 8.0), 10%
glycerol], and resuspended in 10 mL of the same buffer. Each
sample was sonicated and centrifuged as previously described
(39). The pellets were resuspended in 3.75 mL of buffer A,
followed by the addition of 0.5% CHAPS and 0.5 M KCI.
The samples were slowly stirred on icerf@ h before
centrifugation at 1000@Pat 4°C for 30 min. The supernatant
was removed to a new tube and frozer-&0 °C until being
loaded omd a 1 mL talon metal affinity column that had
been pre-equilibrated with buffer A plus 0.5% CHAPS and
0.5 M KCI. The protein sample was loaded, and the column
was subsequently washed with 10 bed volumes of buffer A,
10 bed volumes of buffer A plus 10 mM imidazole, and 10
bed volumes of buffer A plus 20 mM imidazole. P450 was
eluted in buffer A plus 200 mM imidazole. The fractions
containing P450 were pooled and dialyzed against two 1 L
changes of MOPS buffer [100 mM MOPS (pH 7.3), 10%
glycerol, 0.2 mM dithiothreitol, 1.0 mM EDTA]. The P450
content was determined by reduced carbon monoxide dif-
ference spectra in the presence of 1% Triton X-100 added
to the protein sample before dilution with microsome
solubilization buffer [L00 mM potassium phosphate (pH 7.3),
20% glycerol, 0.5% sodium cholate, 0.4% Renex, and 1.0
mM EDTA]. Protein purity was analyzed on an 8.5% SBS
polyacrylamide gel. Total protein content in each sample was

mutants. The mutated nucleotides are shown in boldface type. Thedetermined with the BCA Protein Assay kit, and the specific
unique restriction enzyme sites for subcloning are underlined. In P450 content was determined from the reduced carbon

the sequences listed above, K represents a mixture of G and T,
and the letter S represents a mixture of G and C. These abbreviationd”

follow standard nomenclature.

onoxide difference spectrum.
Steroid Hydroxylation Assay®.urified P450 was recon-
stituted as described previousl§9j in mixtures (10uL)

and L479W were prepared by the overlap PCR extension containing 0.4% CHAPS and 0.1 mg mLDOPC and P450,
method 87). Plasmid pSE3A4His or pKK3A4His was used E. coli-expressed rat NADPHP450 reductase?@), and rat
as the template. In two separate reactions, the mutageniccytochromebs in a molar ratio of 1:4:2. Assay mixtures (100
sense primers (Figure 2) and downstream vector primer oruL) contained 50 mM HEPES (pH 7.6), 15 mM Mg£0.1
the mutagenic antisense primers (Figure 2) and upstreammM EDTA, and [4C]progesterone or {C]testosterone
vector primer were utilized. Subsequently, the PCR-amplified (concentrations of substrate varied and are indicated for each
fragments served as the templates to amplify full-length assay in the Results section) in the presence or absence of
coding regions with two vector primers. The full-length 25uM ANF. The reactions contained a final concentration
mutated fragments were cloned directly into pCRII (A305F/W of 2% methanol (v/v) and 0.04% CHAPS. The reactions were
and L479W) or digested with the appropriate restriction started by the addition of 1 mM NADPH and carried out
enzymes, purified with GeneClean, and ligated into pSE3- for 5 min at 37°C before being stopped by the addition of
A4His that was digested with the same restriction enzymes 50uL of tetrahydrofuran. Metabolites were resolved by thin-
and purified (S119F/W and 1120F/W). The fragments cloned layer chromatography, visualized by autoradiography, and
into pCRIlI were also digested with unique restriction quantitated as described previoushgy,
enzymes and subcloned into digested and purified pSE3A4His In kinetic analyses, varying concentrations of steroid were
or pKK3A4His.
Mutants F108W and 1238W were constructed in a two- same. Data analysis was performed with Sigma Plot (Jandel

step PCR protocol as previously describezB)( Each

added to the reactions. All other conditions remained the

Scientific, San Rafael, CA) for values calculated with the

mutagenic primer (Figure 2) was utilized in an amplification Michaelis-Menten equation = VnaS (Km + 971 and the
reaction with a downstream vector-specific primer. The Hill equationv = (VmaS) (So" + )72 (6).

resulting product was utilized as a primer in a second

ANF Oxidation Assay®urified 3A4 enzyme (10 pmol)

amplification with an upstream vector-specific primer. The was reconstituted in the presence of 0.4% CHAPS, 0.1 mg
fragment of desired length was digested with unique restric- mL~* DOPC, 40 pmol of rat NADPH P450 reductase, and
tion endonucleases flanking the mutation of interest and 20 pmol of cytochroméds in 20 4L for 10 min at room
subcloned into pSE3A4His that had been digested with the temperature. Assay mixtures contained 50 mM HEPES (pH
same enzymes and purified. The construction of mutants7.6), 15 mM MgC}, 0.1 mM EDTA, and 25«M ANF

L210F, F304W, and L479F was described earl9, 33,

39).

Expression and Purification of MutantsGrowth and
induction ofEscherichia colicontaining the mutant plasmids
were conducted as previously describ2g) (Cells from 250

(unless otherwise indicated). Each 200reaction contained

a final concentration of 2% methanol (v/v) and 0.04%
CHAPS. The reactions were started by the addition of 1 mM
NADPH. After incubation at 37C for 10 min, narigenin,
used as an internal standard, was added at a final concentra-

mL of culture were harvested at 72 h postinduction, washed tion of 2.5uM, and the reactions were quenched with 500
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uL of methylene chloride. The samples were vortexed for 1 Steroid Hydroxylation Assay€&YP3A4 and the panel of
min and centrifuged at low speed for 5 min. The combined 25 mutants were analyzed for progesterone (45 and
organic layers from three extractions were transferred to antestosterone (25@M) hydroxylase activity at a single steroid
Eppendorf tube and dried under vacuum. When progesteroneconcentration (Figure 3A,B). These assays showed that the
was added to the reactions, it was desiccated prior to mutants could be divided into three groups. The first group,
resuspension in an ANF/methanol solution to maintain the including L210F/W, F213W, F215W, 1238W, and 1301W,
final methanol concentration of 2%. Metabolites were displayed metabolite profiles and overall activities similar
separated with an Alltech Ultrasphere C18r8 column (7 to wild-type CYP3A4. The second group, consisting of
x 53 mm) in 70% methanol at 0.6 mL mihand detected = S119W, A305F/W, T309F/W, I1369F/W, and A370F/W,
at 280 nm. The HPLC system consisted of two Beckman displayed less than one-third ofs6or total hydroxylase
110 solvent delivery modules, a Beckman 421A system activity toward one or both steroids. The third group
controller (Beckman, Berkeley, CA), a Spectroflow 757 UV- consisting of F108W, S119F, 1120F/W, I301F, F304W,
absorbance detector (Kratos Analytical, Ramsey, NJ), and aY307W, 1369F, L373F, and L479F/W showed>a2-fold
Spectra-Physics SP4270 integrator (Spectra-Physics, Piscatchange in the product ratios from one or both of the steroid
away, NJ). Product formation was quantified by comparison hydroxylation assays. In most instances, the positions where
of the peak area to the peak area of substrate, assuming th&rp or Phe substitutions caused significant alterations of
same extinction coefficient. steroid hydroxylation rates or product ratios were the same

7-BFC Debenzylation AssayReconstitutions contained sites noted in prgviou; studies in which substitutions were
purified 3A4 enzyme (5 pmol), 20 pmol of rat NADPH  ©Of smaller or similar size28—33, 38). _
P450 reductase, 10 pmol of cytochroime 0.4% CHAPS, Effect of ANF on Progesterone_Hy_d_roxylatlon _by CYP3A4
and 0.1 mg mE! DOPC. The mixture was preincubated for Mutants.Mutants that displayed S|gr_1|f|canf[ steroid hydroxy-
10 min at room temperature. Varying concentrations of lase activity were then tested for stimulation by the effector
7-BFC were added to the reaction in 50 mM HEPES (pH ANF. In the presence of ANF (2aM) F108W, S119F,
7.6), 15 mM MgC}, and 1.0 mM EDTA. The protein 1120W, L210F, F213W, I301F/W, and L373F exhlplted
substrate mixture was further incubated for 5 min at room diminished stimulation of 8-OH progesterone formation
temperature, and the reaction was initiated by the addition When compared with CYP3A4 (Table 1). The near wild-
of 1 mM NADPH. The total reaction volume was 100 type levels of steroid hydroxylation, largely unaltered
and contained a final methanol concentration of 2% (v/v). metabolite proﬁlt_es, and diminished stimulation in the pres-
After 10 min of incubation at 37C the reaction was stopped €nce of ANF displayed by L210F, F213W, and I301F
by the addition of 5QuL of 20% trichloroacetic acid. The  Sugdgested a possible role for these sites in cooperativity.
mixture was centrifuged at 3000 rpm for 3 min, and:80 Thus, kinetic analysis of progesterong-Bydroxylation was
of the solution was diluted in 2 mL of 100 mM Tris-HCl, performe_d on these mutants. Plots of these data were
pH 9.0. Product formation was measured in a Hitachi F-2000 nyperbolic in the absence and presence of ANF 42§
fluorescence spectrophotometer (Hitachi, San Jose, CA) atand confirmed decreased stimulation by the effector over a
an excitation wavelength of 409 nm and emission at 530 wide range of substrate concentrations (Figure 4). The kinetic
nm with a bandwidth of 20 nm at both wavelengths. A blank Pehavior of these mutants is similar to that displayed by
was run for each sample, and the final activity was calculated CYP3A4 mutant L211F/D214E1@). Analysis of residues
by comparison to a standard curve for 7-HFC. The formation L€U-211 and Asp-214 indicated their involvement in homo-
of 7-HFC by CYP3A4 was linear over an incubation period ropic and heterotropic cooperativity, and the above data
of 20 min, and an incubation time of 10 min was employed Suggest a similar role for Leu-210, Phe-213, and lle-301 in

in subsequent experiments. this process. .
ANF Oxidation Assay$reviously, our group found that
RESULTS CYP3A4 displayed cooperative binding of ANF in the

absence of NADPHcytochrome P450 reductase or cyto-

Protein Expression, Purification, and Initial Characteriza- chromebs (19). Hosea et al. also reported that the production
tion. In this study 23 new Phe or Trp mutants of CYP3A4 of ANF 5,6-oxide by CYP3A4 fit best to the Hill equation
were generated and expressedBncoli. Of these, only (20). In contrast, Shou et al. have suggested that ANF binds
L373W did not produce any significant heme protein as at a single site, whether acting as a substrate or effector,
determined by reduced carbon monoxide difference spectraindicated by aK, value for ANF oxidation similar to the
The remaining mutants, however, produced P450 levels fromaffinity of ANF as an activator of CYP3A418, 22).
30% up to 100% of wild-type CYP3A4 expression (300  Therefore, we conducted kinetic analysis of ANF oxidation
300 nmol L1 (data not shown). Protein yields upon by our own preparations of CYP3A4 wild type. Data from
purification varied from under 15% up to 50%, and the these assays fit well to the Hill equatio&{= 14 + 1 uM,
specific contents ranged from 3 to 13 nmol of P450 (mg of Vmax= 12 4 1 nmol mirm? nmol™, n = 2.5+ 0.4) (Figure
total protein)! (data not shown). Most of the mutants were 5). In the presence of 2&M progesterone, there was only a
expressed and purified multiple times. In initial functional slight increase noted in th&, value &0 = 19 + 4 uM,
characterization with progesterone, testosterone, ANF, andVmax= 12 & 2 nmol mirmr* nmol?, n= 2.1+ 0.7). However,
7-BFC there was no indication that the specific content of a when the results of several kinetic experiments were
sample affected its activity or metabolite profile. In addition, compared, the presence of progesterone«@presulted in
it was observed that when the initial amino acid residue was the stimulation of ANF 5,6-oxide formation at low concen-
other than phenylalanine, substitution with phenylalanine trations (up to 5«tM) of ANF (Figure 5). Analysis of similar
generally resulted in higher activity than with tryptophan. experiments utilizing 2xM [1“C]progesterone verified that
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Ficure 3: Functional assays of CYP3A4 wild type and 25 mutants. (A) Progesterong:dpand (B) testosterone (25tM) metabolite

profiles of CYP3A4 and mutants. (C) Production of ANF 5,6-oxide in assays containiniy]Za8NF and (D) 7-BFC (10Q:M) debenzylation

by CYP3A4 and a panel of mutants. The activities in (C) and (D) are expressed as percentages of CYP3A4 activity [11.2 nmol of ANF
5,6-oxide mirr! (nmol of ANF)~ and 4.4 nmol of 7-HFC mint (nmol of 7-BFC)1]. All assays were performed as described in Experimental
Procedures, and the bars represent the average of values obtained from duplicate determinations.

The formation of ANF 5,6-oxide by CYP3A4 and 25
mutants was then measured (Figure 3C). The 25 mutants
tested include the 22 newly constructed mutants that

Table 1: Effect of 25«M ANF on the Hydroxylation of
Progesterone by CYP3A4 and a Panel of Mutants

thanol

oo mzﬁ_anozﬁ_ ANE expressed efficiently and three additional mutants that were
samplé OH° OH OH 16a-OH  63-OH 28-OH Cfgs;rgcg%d fc;r previous studli_ezsl((lj_\?vl()ll;blis\;\(l)4\'/:\g g\:\t/jv L47%F)
CYP3A4 1.7 121 0.8 59(36)27.8(23) 3.1(4.1) |(36§F d )I. Ocl;r Tuta?ts (d (f ’ i th { ’ flln ¢
FI08W 83 204 81 7.5(0.9) 265(13) 4.8(0.6) ) displayed rates of product formation that were at leas
S119F 27 103 32 43(1.6) 14.4(1.4) 51(1.6) 3-fold lower than CYP3A4. Furthermore, eight mutants
I120F 1.6 6.1 <0.1 4.5(2.8) 22.6(3.7)<0.1(ND) (S119W, A305F/W, T309F/W, 1369W, and A370F/W) did
:_122108"\:’ i-é %-g (ié 12-38-3 gg-(lj 82; g-gglz-)l) not produce any significant amount of ANF 5,6-oxide.
[210W 07 92 09 22(30) 247(27) 25(2.8) Additional ANF metabpllte_s were not detected for CYP3A4
F213W 2.7 158 09 45(1.8) 22.2(14) 1.9(21) Or any mutant tested in this study.
::32()11?:W éi‘ %%é ég 18-3 88 gg-; gig ig g% Correlational AnalysisTo assess the relationship between
1301W 11 104 131 11 (1:0) 5.0 (0_'7) 50 (1.'5) th_e role_ of ANF as a substrate and as an effector, the fold
L373F 32 252 30 7.3(23) 303(L2) 80(27) stimulation of @-OH progesterone production fc_)r 12 mutants
L479F 08 81 30 27(3.3) 185(23) 4.9(1.6) wascompared to the formation of ANF 5,6-oxide expressed
La7ow 1.1 74 25 26(23) 155(21) 35(14) as a percentage of CYP3A4 activity (Figure 6). In this

2|n this set of experiments, 3 pmol of P450 per reaction was used.
b Rates are expressed as nmol of product{nmol of P450)* and
are the average of duplicate determinations. The concentration of

correlation, only those mutants that generated at least 10%
of CYP3A4 rates of ANF oxidation were included. Using

progesterone was 26M. ¢ The numbers in parentheses refer to fold
stimulation.

significant stimulation of 8-OH progesterone formation was
observed at all concentrations of ANF from 2.5 to /@
(data not shown).

linear regression of the data points, tifevalue was 0.35,
with a negative slope, suggesting only a small but inverse
association between ANF as an activator and ANF as a
substrate.

7-BFC Debenzylation Kinetic3he utility of 7-BFC as a
marker fluorometric substrate for high-throughput screening



CYP3A4 Substrate Recognition Site Mutagenesis Biochemistry, Vol. 40, No. 34, 200110155
A 50

w

60

40 4 A P 50 1 ®

40 A
30 1 /

30 /A
204

/
0 p
/

6B—OH (nmol/min/nmol)
>
6B-OH (nmol/min/nmol)

T T T T T T T T
o 50 100 150 200 250 0 50 100 150 200 250

[Progesterone] uM [Progesterone] uM

(@)
O

70

100

60 -

80
4 [ ]

50 . .

40 - =~ 60 - N

Ve
30 4 Vi )

T T T T T T T T
0 50 100 150 200 250 ] 50 100 150 200 250

40 X

20 4

6B-OH (nmol/min/nmol)
»
[y

6B-OH (nmol/min/nmol)
\
»
»

[Progesterone] uM [Progesterone] uM
Ficure 4: Kinetic analysis of progesterong-fiydroxylation by CYP3A4 and mutants L210F, F213W, and 1301@) gbsence of ANF;

(a) presence of ANF (2&M). The graph contains data averaged from duplicate determinations. Data for CYP3A4 in the absence of ANF

were analyzed with the Hill equation. All other results were analyzed with the Michaddbsiten equation as described in Experimental
Procedures. Panels: (A) CYP3A4; (B) L210F; (C) F213W; (D) I1301F.
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Ficure 5: Kinetic analysis of ANF 5,6-oxide formation: @] ANF 5.8-oxidation (% of w)

absence of progesteron®)(presence of 2aM progesterone. Data  FIGURE 6: Correlation analysis of ANF 5,6-oxide formation versus
were analyzed with the Hill equation as described in Experimental stimulation of -OH progesterone production by ANF. The graph
Procedures to create the ideal curves shown. The graph containgvas generated with Sigma Plot, and tevalue was determined
data from duplicate determinations. from linear regression. Eacl®) represents one protein: F108W,
S119F, 1120F/W, L210F/W, F213W, F215W, I301F, L373F,

. s L479F/W. Only the mutants in this study that displayed over 10%
of CYP3A4 activity and inhibition has been demonstrated of wild-type CYP3A4 ANF 5,6-oxide production were included.

(40), and in this study 7-BFC was assessed as an active site

probe. Initially, a kinetic analysis of 7-BFC debenzylation and 1.7 (data not shown). In the presence of ANF the plot
by CYP3A4 and the double mutant L211F/D214R)(was became hyperbolid, = 31 4+ 7 uM, Vinax = 19 4+ 2 nmol
performed in the absence and presence of ANF/(®B min~t nmol?). Our studies of steroid hydroxylation by
(Figure 7A) to compare with previous steroid hydroxylation CYP3A4 and a number of mutants indicate that ANF
results. The data for CYP3A4 fit best to the Hill equation, decreases th& value without significant change in théax
and the plot was sigmoidaB{, = 31+ 9 uM, Vmax= 10+ (12, 19, 28—30). As Figure 7 illustrates, the effect of ANF

2 nmol mim? nmolt, n= 1.6 + 0.3) (Figure 7A). In three (25 uM) on 7-BFC debenzylation kinetics is very different
separate assays, timnevalue was found to be between 1.5 and reveals an increase in th&,, value. The kinetic
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A 16 7 Table 2: CYP3A4 Steroid Hydroxylation at Varying 7-BFC

- Concentrations

o -~~~ s 7-BFC uM) 63-OH progesterorfe 6-OH testosterorfe

0 19.0 10.3
5 17.7 11.7

/a/ 10 19.5 12.8
25 20.0 13.2
50 18.8 12.2

VY aThe values are expressed as nmol of product-fimmol of
4 P450)! and are derived from assays performed in duplicate. The
y/ substrate concentration was 26 for each steroid.

¥
\
o\
\
\
\
>

7-HFC Formation
(nmol/mirvnmol of P450)
oo
N
N\
°

termination of the affinity for the effectors progesterone and
A ANF. 7-BFC oxidation assays were thus performed at a
0 ' ' single concentration of substrate (&B!) in the presence of
varying amounts of ANF or progesterone (Figure 7B). The
[7-BFC] pM binding constant¥(g, for ANF and progesterone were found
to be 10+ 4 and 30+ 7 uM, respectively. The 3-fold higher
18 affinity of ANF is consistent with the ability of progesterone
to stimulate ANF oxidation only at low concentrations of
ANF. To test the validity of this approach, an experiment
was conducted in which both progesterone (5, 15, 30, 50
uM) and 7-BFC (10, 20, 30, 5@M) concentrations were
varied (data not shown). TH&: for progesterone was found
to be 25+ 7 uM, in excellent agreement with the value
obtained at 50uM 7-BFC. Furthermore, there was no
inhibition of 7-BFC oxidation by progesterone under any of
the conditions (data not shown). The corresponding lack of
inhibition of progesterone®Bhydroxylation by 7-BFC was
further demonstrated in assays containing«®6steroid and
7-BFC at varying concentrations up to 80 (Table 2). With
3 ; . , . testosterone as a substrate for wild-type CYP3A4, 7-BFC
40 60 caused up to 30% stimulation of3éydroxylation (Table
[Activator] uM 2). However, with L211F/D214E, no inhibition or stimulation

Ficure 7: Analysis of 7-BFC debenzylation. (A) Kinetic assay of  of testosterone&hydroxylation was noted at concentrations
7-BFC debenzylation by CYP3A4 and L211F/D214®) CYP3A4; of 7-BFC up to 10M (data not shown)

(®) L211F/D214E. Open symbols represent the values obtained in
the presence of 26M ANF. The data for CYP3A4 in the absence ~ CYP3A4 and a panel of 25 mutants were then assayed
of ANF were analyzed with the Hill equation. All other data were for 7-BFC debenzylase activity at a single concentration of

analyzed with the MichaelisMenten equation as described in  substrate (10:M) (Figure 3D). A variety of P450 to rat

Experimental Procedures to create the ideal curves shown. TheNADPH—cytochrome P450 reductase to cytochromme
graph contains data from duplicate determinations and is representa-

tive of three independent experiments conducted with CYP3A4 and m0|a,r ,rat'os were tested to detgrmlne thlmgl recon_St'tUt'on
two experiments with L211F/D214E. (B) Effect of progesterone conditions. The 1:4:2 molar ratio described in Experimental
and ANF on 7-BFC debenzylation by CYP3A4 wild type. Varying Procedures for steroid hydroxylation was found to be optimal
amounts of progesteron®) or ANF (@) were included in assays  for 7-BFC debenzylation (data not shown). Mutants F108W,
containing 5QuM 7-BFC. The equatioty = Vo + Vma{E](Ke + S119F, and 1120W exhibited activities at least 2-fold higher

[E])~! was utilized to analyze the data wheve Vo, and Viax . o NN
represent the oxidation rate at effector [E] concentration, the than 3A4 (Figure 3D). In addition, it is intriguing that a

oxidation rate in the absence of effector, and the maximum rate, Number of the mutants that displayed very little progesterone
respectively. The graph contains data from duplicate determinationsor testosterone hydroxylase activity (S119W, A305W, T309F/
and is representative of four independent experiments. W, 1369F/W, and A370F) were able to catalyze significant

) levels of 7-HFC formation. In fact, S119W, T309F, and
parameters of 7-BFC debenzylation by L211F/D214E were A370F displayed rates of 7-HFC production similar to that
testosterone hydroxylatio(12), the plot of 7-BFC deben-  cyp3a4 rates of B-OH progesterone ofBOH testosterone
zylation by L211F/D214E was hyperbolic in the absence of fgrmation.
ANF (K = 26+ 7 uM, Vimax = 16 £ 2 nmol min™* nmol™). Correlational Analysis of Substrate Oxidation by CYP3A4
The addition of ANF (25:M) had very little effect on the  \Mytants.The results obtained from the comparison of ANF
kinetic parametersky = 35+ 4 uM, Vmax= 18+ 1 nmol 4 an effector versus ANF as a substrate suggested the utility

o~

15 1

-
Y]
)

©
L

-2
pe

7-HFC formation
(nmol/min/nmol of P450)

min~* nmol™). Likewise, progesterone (26M) did not  of ysing the panel of mutants in correlational analyses of

stimulate 7-BFC debenzylation by L211F/D214E (data not the separate enzymatic activities. Such analyses might help

shown). to define the relative positions of individual substrate binding.
The finding that ANF alters th¥nax value but not thessg Correlations between individual activities for the 25 mutants

for CYP3A4-catalyzed 7-BFC debenzylation facilitated de- analyzed in this study were assessed in sets of two, from
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Table 3: Correlation between Activities of CYP3A4 Mutants

6-OH ANF
progesterone 7-HFC  5,6-oxide
6p3-OH testosterone 0.88 0.11 0.69
ANF 5,6-oxide 0.59 0.30
7-HFC 0.15

aThe correlations are expressedrasvalues calculated in Sigma
Plot using the linear regression functidrEachr? value represents data
from the panel of 25 mutants.

which r? values were calculated (Table 3). From these
analyses, the suspected colocalization of {hg@fgesterone
and 3-testosterone binding orientations was confirmed (

= 0.86). This was suggested from competition studies
between these two substrates in a previous sty The
poor correlation between oxidation of ANF and 7-BR€ (

= 0.30) was consistent with the lack of inhibition by ANF
of 7-BFC debenzylation (Figure 7B). Likewise, correlations
between progesterone and 7-BFE 0.15) and testosterone
and 7-BFC (2 = 0.11) were low. The low? value between
7-BFC and progesterone or testosterone is consistent with
the lack of mutual inhibition between 7-BFC and the steroid
substrates. The somewhat highérvalue found between
ANF and progesterone or testosterone may indicate a partial
overlap of these binding positions. This complex interaction
between ANF and steroids is also shown in the effect of
progesterone on ANF oxidation (Figure 5), in which proges-
terone appears to stimulate ANF oxidation at low ANF
concentrations but may inhibit as the substrate concentration
increases.

DISCUSSION

CYP3A4 plays a major role in xenobiotic metabolism in
human liver, and a mechanistic understanding of the inhibi-
tion and activation of the enzyme is especially relevant to
the study of drug-drug interactions. The past half-decade

Biochemistry, Vol. 40, No. 34, 200110157

tion, could be explained with a two-site mode2?).
However, one unique solution for sigmoidal saturation
kinetics could not be determined, and the model described
could not distinguish whether each substrate occupied a
preferred position. A separate model to explain the sigmoidal
kinetic characteristics of diazepam and its derivatives was
proposed 11). The data and the rate constants derived
provided more information about the allosteric nature of
CYP3A4, but the approach was still limited by the inability
to provide any structural insight. More recently, this group
analyzed the interaction between ANF and losarga. (The
results suggested that there is a preferred position within the
CYP3A4 binding pocket for ANF and that losartan has a
preferred location depending on the product formed (sites
S1 and S2in Figure 1A). The ongoing use and development
of mathematical models have been useful in explaining much
of the atypical kinetic behavior displayed by CYP3A4.
However, these models have not been able to provide any
clues as to the location of the putative subpockets within
the CYP3A4 active site, nor has there been any attempt to
use them to explain the interaction of compounds that each
show homotropic cooperativity.

Others have used inhibitors to perturb the CYP3A4 active
site, characterized the effect on a number of substrate/effector
pairs, and classified the substrates on the basis of the results.
Kenworthy et al. examined the interaction of 10 probe
substrates and found that they could be divided into three
groups related to their size or chemical clagd®)( The
authors predicted that analysis of CYP3A4 drayug
interactions might be conducted with CYP3A4 and a single
member of each substrate class. A separate study utilized
short peptides that interact with the heme iron of P450
through nitrogen ligation, although they are not oxidiz2@) (

The effect of these peptides on the binding and oxidation of
midazolam, testosterone, and ANF was examined, and the
results indicated that both ANF and midazolam bind to two

sites in the binding pocket and that three sites probably exist

has seen an increase in studies seeking to better define thén CYP3A4. However, the authors readily acknowledge that

interaction of multiple substrates with CYP3A4 and elucidate
(1) how one compound can stimulate its own oxidation or
that of another compound and (2) how in some cases two
compounds can be oxidized at the same time without
demonstrating competitior6( 11, 12, 18—26, 41). Three
different approaches have been utilized in these studies.

Several groups have analyzed CYP3A4 cooperativity with

their work did not provide information about the location or
juxtaposition of these multiple sites.

Site-directed mutagenesis has become an accepted meth-
odology for probing the active site of cytochromes P450
(reviewed in ref43). The lack of a CYP3A4 crystal structure
does present the limitation of only having a molecular model
of uncertain exactness to analyze mutagenesis results.

mathematical models applied to large sets of steady-stateHowever, comparison of the crystal structure of CYP2C5

kinetic data. Shou et al. first suggested that two compounds,

with that of bacterial P450s indicated that most of the

such as ANF and phenanthrene, can simultaneously occupysecondary structure elements and topological features that
the CYP3A4 binding pocketl®). Ueng and co-workers define the active site are conserv@d)( Our laboratory and
subsequently analyzed the effect of reconstitution conditions others have utilized site-directed mutagenesis to identify over
on the activity of recombinant CYP3A4, the steady-state a dozen amino acid residues that are important determinants
kinetics with a number of substrates in the absence andof CYP3A4 substrate specificity28—33, 38, 44) and that
presence of ANF, and the oxidation of ANF in the presence have direct active site counterparts in CYP2C®)( In

of aflatoxin B, (6). The authors found that several of the addition, site-directed mutagenesis was used to identify three
substrates demonstrated homotropic cooperativity and/orCYP3A4 amino acid residues, Leu-211, Asp-214, and Phe-
stimulation by ANF, and they proposed an allosteric model 304, that play significant roles in cooperativithy 19). Site-

to explain their data, although the proximity of the putative directed mutagenesis is the only approach of those discussed
allosteric site to the catalytic site could not be ascertained. that has provided any data implicating specific CYP3A4
In a later study, kinetic models were utilized to demonstrate amino acid residues in specific functions.

that many of the atypical properties that have been described In the present study, a combination of site-directed
for CYP3A4 and other cytochromes P450, including activa- mutagenesis and a functional analysis with four substrates
tion, autoactivation, partial inhibition, and substrate inhibi- was utilized to further probe the active site. This strategy
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Ficure 8: Molecular model of CYP3A4. The CYP3A4 structure was refined by realignment of the F-'dmeliBes using the homology

and biopolymer modules of Insight 144). The heme is shown in red, and a portion of the putative binding pocket is shown in stereoview.

The side chains of interest are labeled in black. Progesterone is docked ift-tiyeli®xy orientation and depicted in orange. Amino acid
residues were grouped according to the effect of alterations at each site. The side chains of residues Phe-108, lle-120, Phe-213, Leu-373,
and Leu-479 are shown in blue. Mutation at these sites caused less than a 2-fold change in any of the four tested activities. Residues where
Trp substitution preferentially decreased ANF oxidation over steroid or 7-BFC oxidation are shown in violet (Leu-210, lle-301, Phe-304).
Those side chains shown in green represent sites where the Phe and/or Trp mutants exhibited decreased steroid and ANF oxidation relative
to 7-BFC debenzylation (Ser-119, Ala-305, Thr-309, lle-369, Ala-370).

provided data on the interaction between separate substrateB450 can contain two molecules of androstenedione in a
in the CYP3A4 binding pocket and the role of individual similar orientation 27), the situation in CYP3A4 must be
amino acid residues in substrate oxidation and cooperativity. more complex, as Hosea et al. also suggested in their recent
The kinetics of ANF and 7-BFC oxidation by CYP3A4 were study @0). Figure 1A also depicts only two possible binding
analyzed. The effect that steroids, ANF, and 7-BFC have positions in CYP3A4 but shows both molecules having
on each other’s oxidation by CYP3A4 was examined, and access to the reactive oxygen. However, our data in total
the role that 15 individual amino acid residues play in cannot be fully explained by this model. 7-BFC does not
determining the positioning of one and/or more of these demonstrate competition with testosterone or progesterone
substrates in the CYP3A4 binding pocket was explored. The for oxidation, and 7-BFC, like progesterone and testosterone,
findings from this study indicate that (1) ANF and 7-BFC displays homotropic cooperativity. In addition, 7-BFC oxida-
oxidation follow sigmoidal kinetics (Figures 5 and 7A), (2) tion and testosterone or progesteroifeh§droxylation by
progesterone slightly stimulates ANF oxidation at low the 25 mutants in this study do not show any significant
substrate concentrations (Figure 5), (3) ANF has a 3-fold correlation. These data suggest that 7-BFC is preferentially
higher affinity for the putative effector site than progesterone oxidized from a site distinct from progesterone or testosterone
(Figure 7B), (4) there is only a poor correlation between the and that 7-BFC and the steroids have some affinity for the
oxidation of ANF and stimulation by ANF of progesterone E site. These data fit well with the three-site model depicted
66-hydroxylation when comparing 12 of the mutants studied in Figure 1C, although it is possible that the two-site model
(Figure 6), (5) 7-BFC and progesterone/testosterone do notin Figure 1B could also explain our data if functionally
compete for oxidation by CYP3A4, and (6) correlational distinct conformers are invoke@Y). In this case separate
analyses using pairwise comparisons of functions for the 25 conformers that oxidize 7-BFC or progesterone and test-
mutants studied match with predictions about the interaction osterone exist, and both conformers are able to bind any of
between the substrates from competitition experiments.  the three molecules as effectors.

As mentioned in the previous sections, the number of In a previous study, substitutions at residues Leu-211 and
subpockets within the CYP3A4 active site and the positioning Asp-214 were shown to preferentially decrease the stimula-
of compounds within have not been fully defined, and three tion of progesterone and testosterongehydroxylation by
possible explanations have been proposed (Figure 1). First ANF without altering the metabolite profile in the absence
the model depicted in Figure 1B suggests that only one of this effector moleculel2). In addition, hyperbolic steady-
molecule would have access to the reactive oxygen. How- state kinetics of L211F/D214E-catalyzed steroid hydroxy-
ever, the lack of inhibition observed between a number of lation were observed in the absence of ANF. In the present
substrate pairs cannot be easily explained by the orientationstudy, three mutants, L210F, F213W, and I301F, displayed
of molecules in model 1B (Figures 4, 5, and 7A). While the progesterone and testosterone hydroxylation phenotypes
recently published structure of P453@ indicates that this  similar to that of L211F/D214E (Figures 3A,B and 4). These
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findings suggest that, at least for the interaction between ANF
and progesterone in the CYP3A4 active site, residues Leu-
210, Phe-213, and lle-301 are important factors in the action
of effector.

One common feature of the two-site (1A) and three-site
(1C) models is the hypothesis that at least some CYP3A4
substrates preferentially bind either at S1 or at S2. Although
there is some support for distinct sitekl( 20, 23), there
has not been data that can pinpoint their locations. However,
our comparison of the residual activity of each mutant toward

progesterone, testosterone, ANF, and 7-BFC suggested three 7.

phenotypes. First, alterations at several positions did not
appear to significantly affect protein function, and the
mutants retained over 50% of their ability to oxidize the
steroids, ANF, and 7-BFC (Phe-108, lle-120, Phe-213, Phe-
215, Leu-373, and Leu-479) (blue in Figure 8). Second, Trp

substitutions at several residues resulted in a preferential loss 10.

of ANF oxidation when compared with steroid or 7-BFC
oxidation (Leu-210, lle-301, and Phe-304) (violet in Figure

8). Third, substitutions at several sites caused the loss of |,

steroid hydroxylation and ANF oxidation but did not decrease

7-BFC debenzylation to a similar degree (Ser-119, Ala-305, 13.

Thr-309, lle-369, and Ala-370) (side chains in green in Figure

8). The position of the side chains in each group in Figure 14

8 suggests the presence of a subpocket that lies close to the

(violet). While models 1A and 1C show specific positions
for S1 and S2, there are likely areas of crossover, such as

residues that affect steroid and ANF oxidation, but others 17.

that appear to be more specific for ANF oxidation. This is
also illustrated in the analyses that show a high correlation
between progesterone and testostergbuygiroxylation, a
very low correlation between 7-BFC debenzylation and the
other activities, but a midrangé value for ANF oxidation
when compared with testosterone or progesterofie 6
hydroxylation (Table 2).

In conclusion, a three-site model has been proposed to

account for the data presented in this study, in agreement 21.

with a similar model presented recentl®0f. In addition,

evidence for preferential substrate binding at distinct loca- 22-

tions within the active site was presented. While no single
technique has proven perfect for revealing the mechanistic
and structural basis of the atypical kinetic behavior of
CYP3A4, it is encouraging to find that both site-directed
mutagenesis and the use of inhibitors have resulted in the
proposal of three-site models. The complexity of CYP3A4
cooperativity suggests that future studies should include
mathematical, structural, and functional studies in a more
concerted effort.
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