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ABSTRACT. A molecular modeling study of CYP27B1 suggests that Arg458 of mouse CYP27B1 is involved
in interaction with adrenodoxin (ADX). Thus, we generated CYP27B1 mutants R458K and R458Q and
revealed their enzymatic properties. Substrate-induced difference spedita ealdes for b-hydroxylation

of 25(OH)D; indicate that the replacement of Arg458 with Lys or GIn does not affect substrate binding.
However, these mutants showed remarkable decreases di:hotilues and the ratio of product formation

to NADPH oxidation (coupling efficiency). A higk, value of R458Q for ADX concentration and a
decrease of rate constant of the first electron transfer seem reasonable considering that the conversion
from Arg to noncharged GIn abolishes salt-bridge formation with the acidic residue of ADX. On the
other hand, R458K showed atypical kinetics for ADX concentration with Hill's constant of 2.0 and high
catalytic activity at high ADX concentration by increase of coupling efficiency. These results suggest
that conformational change of R458K by binding the two ADX molecules is essentiakfbydroxylation

of 25(OH)Ds. On the other hand, binding one ADX molecule is sufficient for the conformational change
of the wild-type CYP27B1, judging from its Michaetidvienten-type kinetics for ADX concentration
with high coupling efficiency. These results suggest that ADX functions as an effector for the oxygen
transfer reaction in addition to being an electron donor for CYP27B1.

A hormonally active form of vitamin B 1a,25(OH)D3,* pates in these cytochrome P450-catalyzed hydroxylation
plays essential roles in calcium homeostasis, immunology, reactions to produce steroid hormones, vitamin D metabo-
and cell differentiation 1—5). 1a,25(OH)}D3 is produced lites, and bile acids. Several electron transfer mechanisms

by two-step hydroxylations at the 25-position in the liver in the mitochondrial P450 system have been suggested so
by several types of cytochrome P450s including mitochon- far (9—14). According to the shuttle model, ADX serves as
drial CYP27A1 6) and microsomal CYP2R17{ and then  a mobile carrier between ADR and cytochrome P45.0).
at the Ti-position in the kidney by mitochondrial CYP27B1  Another shuttle model starts from an ADX dimer that
(8). transports either one or two electroiiq,(14). Other models

On the inner membrane of the mitochondria, all mito- propose a ternary (1:1:1) and a quarternary (1:2:1) complex
chondrial P450s interact with a common electron donor, consisting of ADR, ADX, and P45Q1@, 13). According to
ADX, which is an acidic [2Fe-2S] ferredoxin-type protein. the latter model, electron transfer can take place on the 1:2:1
ADX functions as a single electron carrier between a FAD- complex as well as the shuttle model with the ADX dimer.
containing NADPH-dependent adrenodoxin reductase (ADR) |t is, however, possible that different mechanisms are active
and different heme-bearing cytochrome P450s and partici- jn different mitochondrial P450 species. For the interactions
between ADX and mitochondrial CYP11A1 and CYP27A1,
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hydroxylati(_)n process, the Ser408 of mouse CYP27B1 Table 1: Oligonucleotides Used To Generate CYP27B1 Mutants
corresponding to Thr409 of human CYP27B1 forms a

hydrogen bond with the 25-hydroxyl group of 25-hydroxy-
vitamin D; (19). In this study, we demonstrate the amino
acid residue responsible for interaction with ADX using a

mutation
R457A

oligonucleotides

3-GGAGCTGCATCGGGGCACGCTTGGCAGAGC-3
5-GCTCTGCCAAGCGTGCCCCGATGCAGCTCC-3

_di i i R458A  3-CGGGAGAGCCTTGGCAG-3
r(;re(aeng:jrgi?nsmnal structure docking model of CYP27B1 and 5-CTGCCAAGGCTCTCCCG 3
' R458K  B-GCTGCATCGGGAGAAAGTTGGCAGAGCTTG-3
EXPERIMENTAL PROCEDURES 5-CAAGCTCTGCCAACTTTCTCCCGATGCAGC-3
R458Q 5 GCTGCATCGGGAGACAATTGGCAGAGCTTG-3

Materials. DNA-modifying enzymes, restriction enzymes, 5-CAAGCTCTGCCAATTGTCTCCCGATGCAGC-3

and the DNA sequencing kit were purchased from Takara
Shuzo Co., Ltd. (Kyoto, Japan). Primer DNAs for mutation gs gene was initiated by addition of IPTG and arabinose at
were purchased from GENSET KK (Kyoto, Japat).coli a final concentration of 1 mM and 4 mg/mL, respectively.
DHb5o. (Takara Shuzo Co.) was used as a host strain. Thes-aminolevulinic acid was also added at a final concentration
pKSNdl was constructed from pkk223-3 as described previ- of 1 mM. The E. coli JM109/pKAR cells were used to
ously €0). The GroEL/ES expression plasmid, pGrol2, was produce bovine ADR 23). The recombinant cells were
kindly given by HSP Research Laboratory (Kyoto, Japan). grown in TB-broth medium containing 5@y/mL ampicillin
CHAPS was purchased from Dojindo (Kumamoto, Japan). at 26°C under good aeration, and the induction of transcrip-
NADPH was purchased from Oriental Yeast Co. (Tokyo, tion of ADR cDNA was initiated by addition of IPTG at a
Japan). Bovine ADX containing residues-114 of the final concentration of 1 mM.
mature form was kindly given by Dr. Y. Nonaka of Koshien Solubilization of Wild-Type CYP27B1 and Mutants by
University. 25(OH)R3 was purchased from Wako Pure cyaps The recombinank. coli cells were suspended in
Chemical Industries, Ltd. (Osaka, Japan). Other chemicalsog mM Tris-HCI buffer (pH 7.4) containing 1% CHAPS,
used were of the highest quality commercially available. 1 mm EDTA, 0.1 mM PMSF, and 20% glycerol and
Sequence Alignment and Molecular ModeliMplecular  disrupted by sonication for 15 min at°€. Cell debris was
modeling and graphical manipulations were performed by removed at 120 for 10 min. Then the supernatant was
using SYBYL7.0 (Tripos Associates, St. Louis, MO) as ultracentrifugated at 1000@Gor 1 h at 4°C. The resultant
described previouslylg, 21). Mouse CYP27B1 was aligned  supernatant was used for spectral and enzymatic analyses.
with human CYP27B1 by using ClustalW interfaced with  pyyification of Wild-Type CYP27B1 and MutanfEhe
Clustal X (version 1.81) for Windows. We constructed mouse fractions containing the solubilized CYP27B1 were applied
CYP27B1 by the replacement method using human CYP27B1to a Ni—Sepharose high-performance device (Amersham
as a template. Construction was carried out by using apijoscience) equilibrated with 100 mM Tris-HCI buffer
mutation command, Mutate Monomers, of Biopolymer in (pH7.4) containing 0.5% CHAPS, 1 mM EDTA, and 20%
SYBYL7.0. Since the residue corresponding to P353 of giycerol (buffer A) at a flow rate of 1 mL/min. After
human CYP27B1 was deleted in mouse CYP27B1, R352 adsorption of CYP27B1, the column was washed with about
and G353 (corresponding to G354 of human CYP27B1) were 10 column volumes of buffer A and the same volumes of
directly joined. Energy minimization of the constructed pyffer A containing 20 mM imidazole, and then CYP27B1

structure was performed on the Tripos force field. The \yas eluted with a linear gradient of 2600 mM imidazole
structure of mouse CYP27B1 was evaluated by using thejn puffer A (10 column volumes). Finally, the eluted

PROCHECK program. The atomic coordinates of the crystal cyp27B1 was applied to a PD-10 column to remove
structure of bovine ADX were retrieved from the RCSB jmidazole.
Protein Data Bank (PDB ID 1E6E). Electrostatic potential  pification of NADPH-Adrenodoxin Reductasehe
surface was calculated by Connolly surface command andecombinant. coli cells expressing ADR were suspended
then electrostatic potential command. in 10 mM potassium phosphate buffer (pH 7.4) and disrupted
Construction of Expression Plasmid$he expression by sonication for 15 min at 4C. After centrifugation at
plasmid for mouse CYP27B1 with a His tag at the C- 120Qy for 10 min, the supernatant was ultracentrifugated at
terminus, pKCHis-md, was constructed as describe® 10000@ for 1 h at 4°C. The resultant supernatant containing
The expression plasmids for CYP27B1 mutants (R457A, ADR was applied to a DEAE-Sepharose high-performance
R458A, R458K, and R458Q) were generated by the Quick- device (Amersham Bioscience) equilibrated with 10 mM KP
Change site-directed mutagenesis kit from Strategene (Am-puffer (pH 7.4) at a flow rate of 2 mL/min. After adsorption
sterdam, The Netherlands) according to the instruction of ADR, the column was washed with about 5 column
manual. The oligonucleotide primers for mutagenesis are yolumes of 10 mM KPbuffer (pH 7.4), and then ADR was
shown in Table 1. Corrected generation of desired mutationseluted with a linear gradient of-61.0 M NaCl in 10 mM
was confirmed by DNA sequencing. KP; buffer (pH 7.4). The fractions containing ADR were
Cultivation of the Recombinant E. coli CellEhe E. coli collected and dialyzed with 10 mM Kmuffer (pH 7.2)
DH5a harboring pGro12 was transformed with the expres- containing 0.1 M NaCl and then applied to §52ADP—
sion plasmid for wild-type CYP27B1 (pKCHis-m] or its Sepharose 4B column (Amersham Bioscience). After adsorp-
mutants. Recombinaif. coli cells were grown in TB media  tion of ADR, the column was washed with about 10 column

(pH 7.0) containing 5Qug/mL ampicillin and 25u9/mL
kanamycin at 26°C under good aeration for 24 h. The
induction of transcription of CYP27B1 cDNA and GroEL/

volumes of 10 mM KPbuffer containing 0.1 M NacCl, and
then ADR was eluted with a linear gradient of 61.0 M
NaCl in 10 mM KR buffer (pH 7.4). Finally, the eluted ADR
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was concentrated by centrifugation at 59@&ing Amicon whereAA(t) is the observed change in absorbance at time
Ultra (Millipore). The expression levels of ADR were -30 The rate constark (s indicates the efficiency of the first
50 nmol/L of culture. The purified sample of ADR showed electron transfer from ADX.

almost a single band at 54 kDa on SBi$lyacrylamide gel Measurement of Consumption of NADPH during-1
(data not shown). Hydroxylation of 25(OH)B. The reaction buffer consisting

Measurement of CO Difference Spect@0 difference ~ 0f 100 mM Tris-HCI (pH 7.4) and 1 mM EDTA was poured
spectra of reduced P450 were measured by a Hitachi U-3310nto two cells, the baseline was corrected, and then the
spectrophotometer with a head-on photomultiplier (Tokyo, purified sample of CYP27B1 or its mutant, ADX, ADR, and
Japan). The concentration of the CYP27B1 was determined25(OH)D; were added at the final concentration of 0.2, 1.0,
from the CO difference spectrum of reduced P450 using a 0-2, and 5.0uM, respectively. The reaction mixture also

difference of extinction coefficient at 448 and 490 nm of 91 contained CHAPS and glycerol at a final concentration of
mM~ cm! by Omura and Satca24). 0.1% and 2%, respectively. To initiate the reaction, NADPH

was added to both cells at a final concentration of 0.2 mM,

Substrate-induced difference spectra of the wild-type Cyp2781 2nd the difference spectrum from 240 to 700 nm was

and mutants were measured in the presence ofuMO measured at 28C for 15 min at intervals of 2 min. The
25(0OH)D; by a Hitachi U-3310 spectrophotometer (Tokyo absorbance difference between 340 and 400 nm was plotted
Japan). ' against time and fitted to a linear equation to estimate the

. .. consumption rate of NADPH. At 15 min after the addition
Measurement of Hydroxylation Acity toward 25(OH)- - :
Ds. The Ju-hydroxylation activity toward 25(OH)Pwas of NADPH, chloroform was added to terminate the reaction

measured in the reconstituted system containing the purifiedand extract the metabolites of 25(OH)IRfter extraction,
. h ic ph ied. Th Iti
sample of wild type (0.0M) or R458K (0.054M) or the organic phase was recovered and dried e resulting

) residue was solubilized with acetonitrile and applied to HPLC
R458Q (0.05:«M) with 2.0 uM ADX, 0.2 uM ADR, and ; e ) _
0.05-1.0 M 25(0H)Ds for determination of kinetic pa- under the following conditions: column, YMC-Pack ODS

. AM (4.6 x 300 mm) (YMC Co., Tokyo, Japan); column
rameter_s_for 25(0H)E)concen'_[rat|on. On the_other hand, temperature, 40C; mobile phase, linear gradient of #0
the activity was measured in the reconstituted system

o o : 100% itril luti 15 min; fl
containing the purified sample of wild type (0.0@M) or 1000r:|_?§ﬁ;9nl3t\r/l Z;ggﬁgﬁszsfsosu:%n per 15 min; flow rate,

R458K (0.0014M) or R458Q (0.01uM) with 0.5-50 M Other MethodsThe concentrations of vitamindleriva-

Q[?[X, 0..05t.—5 ”'\: kADFi and 1.0th Zi(OI—XEE));(useg fXE)R tives were estimated by their molar extinction coefficient of
eterminalion ol kinetic. parameters 1or an 1.80 x 104 Mt cm! at 264 nm R5). Total protein

concentrations in 100 mM Tris-HCI (pH 7.4), 1 mM EDTA,

Measurement of Substrate-Induced Difference Spectra.

. . concentrations were determined by the Bradford method
0.2% glycerol, and 0.1% CHAPS In a final volume of 0.5 using bovine serum albumin as a standard. The concentra-

mL. Th(ta r?_tio Off'g?_');g’SADR v(\j/ats fixgd tg 1O'ﬂ-1rh% op_tim?l tions of ADX and ADR were determined by molar extinction
concentration o was determined on the basis ot our ., fficients of 9.8 mM* cm* at 414 nm and 10.9 mM

previous study 18). After incubation at 37C for 3 min, cm ! at 450 nm, respectivel\26). The amino acid sequences
the reaction was initiated by adding NADPH at a final of CYP11A1 C,YPllBl CYP11B2 CYP24A1 CYP27A1

concentration of 1 mM and terminated by adding 2 mL of : - ;
} . - and CYP27B1 were aligned by using Clustal W interfaced
chloroform/methanol (3:1 v/v). After extraction, the organic with Clustal X (version 1.81) for Windows.

phase was recovered and dried. The resulting residue was
solubilized with acetonitrile and applied to HPLC under the RESULTS

following conditions: column, YMC-Pack ODS-AM (4.% Three-Dimensional Structure of Mouse CYP27Bde

300 mm) (YMC Co., Tokyo, Japan); column temperature, o .
40°C; mobile phase, linear gradient of #000% acetonitrile gngpeaerﬁdD%%thazlémlng%n\?vg ?:;Stf]g;gz;?ulcmrtg'gfrii:?nu;ns
gqueo.us S;éuuon p_ﬁ: 15 min; flow rate, 1.0dmL/m|n; W CYP27BL1 is available20, 21). We found that sequence
etection, 265 nm. The kinetic parametétg,andkea, Were - 40 i anveen D36 and R508 is 84% in both CYPs and
calcglated by the nonlinear regression analysis using theOnly a single residue corresponding to P353 of human
Kaleida-Graph (Synergy software). . CYP27Bl1 is deleted from mouse CYP27B1, indicating that
Measurement of the NADPH-Dependent Reduction Ratepqih cyps would adopt quite similar architecture. Therefore,
of CYP27B1 and Its Mutanthe mixture containing the \ye constructed mouse CYP27B1 by the replacement method
purified sample of wild type or each of its mutants at a final using human CYP27B1 as a template (Figure 1). We
concentratloon of 0.2M, 5#2'\/' 25(OH)Ds, 1 uM ADX, 0.2 evaluated the model structure by using the PROCHEK
#M ADR, 2% glycerol, 0.1% CHAPS in 100 mM Tris-HCI - r59ram. A Ramachandran plot of mouse CYP27B1 showed
(pH 7.4), and 1 mM EDTA was poured into two cuvettes. g7 294 of the residues in either the most favored or allowed
After baseline correction and CO bubbling into the sample regions. The proximal side of mouse CYP27B1 as well as
cuvette, NADPH was added to both cuvettes at the samep,man CYP27B1 has a cavity which looks like adopting to
time to a final concentration of 0.2 mM, and after mixing  the negatively charged surface of ADX. As shown in Figure
immediately, the change in absorbance dlffgrence between; the surface of the cavity of mouse CYP27B1 bears four
448 and 490 nm was measured for 30 min at°Zs A positively charged residues, K370, K374, R457, and R458,
computer_pr(?gram was employed to fit the kinetic data 0 jmplying that these residues interact with the negatively
the equation: charged residues of ADX.
Expression and Purification of Wild-Type CYP27B1 and
AAysga0dt) = APysg 4o @)[1 — exp(kt)] (1) Mutants.A molecular modeling study of CYP27B1 suggests
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positive

mouse CYP27B1

bovine adrenodoxin

negative

Ficure 1: Electrostatic potential surface of mouse CYP27B1 and
bovine ADX. The four positively charged residues located on the
proximal surface of mouse CYP27B1, K370 and K374 in the
K-helix and R457 and R458 in the L-helix, appear to be involved
in the electrostatic interaction with four negatively charged amino
acid residues of ADX, Asp72, Glu74, Asp76, and Asp79.

370 374 45{ §53
mCYP2TB1 LPLLEJAVI EVLRL - - - ==~ KRSCIGLGEELAEL
hCYP2TB1 LPLLEJAVYV EVLRL - -- -« KRSCMGLEGLAEL
hCYP27A1 MPLLRJAVLIJETLRL ~- - - - - VRACLGLE! AEL
rCYP2TA1 MPLLEJAV I ETLRL =~===- VRSCLGLGRE! AEL
hCYP24A1 MPY LEJACL ESMRL - - - - - KRMC | GGRMLAEL
rCYP24A1 MPY LEJACL ESMRL - - - - - KRMC | GEEHLAEL
hCYP11A1 VPLLEJAS | ETLRL === ==« VRQCLGLEY! AEL
bCYP11A1 VPLLEJAS | ETLRL == - ==« VRQCVGLEH!I AEL
hCYP11B1 LPLLRAAL ETLRL - - - = = MROQCLGLEENALAEA
hCYP11B2 LPLLRAALISETLRL - -~ -~ MRQCLGLEALAEA

Ficure 2: Comparison of the amino acid sequences of mouse
CYP27B1 with other mitochondrial cytochromes P450. The four
positively charged residues of mouse CYP27B1, K370, K374, R457,
and R458, are highly conserved among mitochondrial CYPs. The

residues that are identical and homologous in all of the CYPs are 4

in dark and light shading, respectively.

—
>
<=
—_
2]
-

AA = 0.005

AAbsorbance
AAbsorbance

—-- R458K
R458Q

450 450

Wavelength (nm)

Ficure 3: CO difference spectra (A) and substrate-induced
difference spectra with 1.«M 25(OH)D; (B) of wild-type
CYP27B1 ¢) and mutants R458K—« —) and R458Q(---) at a
P450 concentration of 0.uM. The difference spectra were
measured in 100 mM Tris-HCI buffer (pH7.4) containing 0.1%
CHAPS as described in Experimental Procedures.

Wavelength (nm)

that Arg457 and Arg458 of mouse CYP27B1 corresponding
to Arg458 and Arg459 of human CYP27B1, respectively,
are involved in interaction with ADX (Figure 1). These

Urushino et al.
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97.2-
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27.0— =

FicUrRe 4: SDS-PAGE analysis of purified samples of wild-type
CYP27B1 (lane 2) and mutants R458K (lane 3) and R458Q (lane
4). Lane 1 shows relative molecular mass markers (rabbit phos-
phorylaseb, M; 97200; bovine serum albumiiy;, 66400; bovine
glutamic dehydrogenask; 55600;E. coli maltose-binding protein,

M, 42700; E. coli thioredoxin reductaseM, 34600; E. coli
triosephosphate isomeradé,; 27000).
Table 2: Kinetic Parameters for 25(OH)Ro-Hydroxylation
Activity
Km (M) Keat (Min~2)

WT 0.38+ 0.07 3.8+ 25

R458K 0.33+ 0.05 0.012t 0.005

R458Q 0.34+-0.13 0.021+ 0.004

These results are consistent with the results observed in
CYP11A1 reported by Usanov et all®). Thus, Arg457
appears to be involved in protein folding. The purified
samples of wild type, R458K, and R458Q showed almost a
single band at 51 kDa on SB$olyacrylamide gel (Figure
Analysis of Substrate Binding of Wild-Type CYP27B1 and
Arg458 Mutants with 25(OH)P As shown in Figure 3B,
the mutants R458K and R458Q showed type | spectra quite
similar to that of the wild type, indicating the change of spin
state of heme iron of CYP27B1 from low spin to high spin
by binding of 25(OH)R. These results suggest that the
substrate, 25(OH)E) can remove the ¥0 molecule as the
sixth axial ligand of heme iron of wild-type CYP27B1 and
the mutants R458K and R458Q.

Analysis of t-Hydroxylation Actiity of Wild-Type
CYP27B1 and Mutants toward 25(OH)Drhe Ja-hydrox-
ylation activity toward 25(OH)R was examined using
purified CYP27B1 as described in Experimental Procedures.
As shown in Table 2, the kinetic parametefs, andkga;, of
the wild-type CYP27B1 were estimated to be 038 and
3.8 mim?, respectively. Th&, values of R458K and R458Q
were similar to that of the wild-type CYP27B1, suggesting
that the affinity for 25(OH)RQ is not affected by the
substitution of Arg458 of mouse CYP27B1 toward Lys and
GIn. In contrast, thek.: values of these mutants are

amino acid residues were conserved among all mitochondrialsignificantly lower than that of the wild type. It is noted that

P450s (Figure 2). To reveal each function of these amino

the k.ot value of R458K is lower than that of R458Q. On the

acid residues, we generated mutants of CYP27B1 at positionsother hand, R458A showed no detectable activity, whereas

457 and 458 of mouse CYP27B1. As shown in Figure 3A,
the mutants R458K and R458Q showed CO difference
spectra similar to that of the wild type. The expression level
of wild-type CYP27B1 determined by the CO difference
spectra was 200300 nmol/L of culture, as described
previously (8). The expression levels of R458A, R458K,
and R458Q were nearly the same as that of the wild type.

R458A showed a substrate-induced difference spectrum
similar to that of the wild-type CYP27B1 (data not shown).
NADPH-Dependent Reduction of Heme Iron of Wild-Type
CYP27B1 and Mutant3.he NADPH-dependent CO differ-
ence spectra of wild type, R458K, and R458Q showed a
maximum at 448 nm. In contrast, R458Q showed a maxi-
mum at 420 nm in addition to 448 nm, suggesting the

On the other hand, the expression level of the mutant R457Ainstability of the CO-ferrous or ferrous form of R458Q. The

was too low to be determined by the CO difference spectra.

plots of AA4ag-490 in Figure 5 were optimally fitted to eq 1
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Table 3: NADPH-Dependent Reduction Rate of Heme Iron, Coupling Efficiency between Product Formation and NADPH Oxidation, and
Kinetic Parameters for ADX Concentration on 25(OH)Ix-Hydroxylation Activity

coupling efficiency between product formation and kinetic parameters for
NADPH oxidation ADX concn
NADPH-dependent v [mol min~t NADPH oxidation rate coupling Km.apx? Keat
reduction rate (s %) (mol of P450)Y] [mol min~t (mol of P450) Y] (%) (M) (min~Y)
WT 0.0145 1.3+ 0.2 6.5+ 1.1 21+ 7 9.5+ 0.7 10.4+ 1.6
R458K 0.0055 0.02% 0.015 0.58+ 0.28 3.6+ 0.9 34.0+12.9 3.4+ 0.7
R458Q 0.0026 0.022- 0.010 5.2+ 2.3 0.58+ 0.07 347+ 19 0.80+ 0.01

aWild type and R458Q showed MichaeliMenten-type kinetics with the equatian= Vinao{ADX]/( Km + [ADX]), while the kinetic data of
R458K were fitted to Hill's equation = Vma{ADX] %(Km? + [ADX] ?).

0.016 tioned above cannot be fully explained by the slow reduction
0014 rate of heme iron. The apparent rate constanf R458Q
' was estimated to be 18% of the wild type. Note that the
0.012 magnitude of the maximum at 448 nm was about 30% of
5 the wild type. Judging from the time course of R458Q in
0.010 Figure 5, 70% of R458Q appears to be converted to P420.
5 0.008 Analysis of Coupling Efficiency between Product Forma-
tion and NADPH OxidationTable 3 shows the ratio of the
S oo product formation to NADPH oxidation measured in the
0.004 H reconstitution system containingiM ADX, 0.2 uM ADR,
0.2 uM purified CYP27B1, 54M 25(0OH)D;, and 0.2 mM
0.002 R458Q NADPH. The coupling efficiency of the wild type was 21%.
ol . . . In contrast, the NADPH oxidation rate of R458K was about
o 500 1000 1500 2000 11-fold less than the wild type, and the coupling efficiency
of R458K was about 6-fold less than the wild type. On the
Time (sec) other hand, the NADPH oxidation rate of R458Q was similar

FiGURe 5: NADPH-dependent reduction of heme iron of wild-type to the wild type, although its d-hydroxylation activity
CYP27BL1 (open circles) and mutants R458K (shaded circles) andtoward 25(OH)Q was about 45-fold less than the wild type.

R458Q (filled circles) was measured in the mixture containing the Thus. the coupling efficiency of R4580 was dramaticall
purified sample of mouse CYP27B1 or each of its mutants at a ' piing y Q y

final concentration of 0.2M with 5 xM 25(0OH)Ds, 1 xM ADX, def:reased. Itis assumgd that R458Q produced a superqxide
and 0.2¢M ADR. After addition of NADPH at a final concentration ~ anion, hydrogen peroxide, or water instead of the formation
of 0.2 MM, AAyss-a90 Was measured as described in Experimental of 1a,25(OH)}Ds (Figure 7). In addition, it might be possible
Procedures. The plots @fAqsg-a90 Were optimally fitted to the  to assume that R458Q enhances electron leakage from
equationAAus-asdl) = AAus-aoo(*)[1 — exp(-ki)]. NADPH to O; via ADR and ADX (8, 29).

as described in Experimental Procedures. The rate constant lo-Hydroxylation Actiity of Wild-Type CYP27B1 and

k in the wild type was estimated to be 0.0143 while those Mutants in the Presence of Various Amounts of ADX and
of R458K and R458Q were estimated to be 0.0055 and ADR. When the ADR concentration is insufficient to
0.0026 s?, respectively (Table 3). These results suggest that maintain ADX in the fully reduced state, the catalytic activity
the substitution of Arg458 toward Lys decreases the ef- of P450 is dramatically decreased upon the inhibitory effect
ficiency of the first electron transfer. However, the dramati- of oxidized ADX (27). However, an excess amount of ADR
cally decreased d-hydroxylation activity of R458K men-  also inhibits the activity. On the basis of our results that a

(A) 8 (B) 2.0

15k R458K

Vinax [ADX]*
ve ———
(Ka)*+[ADX]?

v (mol/min/mol P450)

10
_ Vo [ADX]
05} " Ka+[ADX]
R458Q
. ‘ - . 0 aA__ao o ¢ 0
0 5 10 15 20 25 0 5 0 15 20 25 30 35

ADX (uM) ADX (uM}

Ficure 6: ADX dependency of catalytic activity of wild-type CYP27B1 (A) and mutants R458K and R458Q (BMytroxylation

activity toward 25(OH)R of wild-type CYP27B1 and the mutants was measured in the reconstituted system containing various amounts
of ADX and ADR at a ratio of 10:1 as described in Experimental Procedures. The kinetic data of R458K were fitted to Hill's equation
v = VmadADX] (K" + [ADX] M), and Hill’'s constant was estimated to be 2.0, while the kinetic parameters of the wild type and R458Q
were calculated with the MichaelidMenten equation = Vo ADX]/( Ky + [ADX]).
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e CYP11A1 corresponding to Lys370 and Lys374 of mouse
b CYP27B1 play ess_ential roleg in electrostatiq irjteraction with
.. 8 — P ADX. On the basis of the difference of affinity for ADX
e R TR \\'“10 between CYP11A1l and CYP27A1, Pikuleva et a5)(
MO, & T Sttt . revealed the crucial role of Arg418 of CYP27A1 which is
| MH+26"  mo — Fo'm only conserved in the CYP27A1 subfamily.
H /y m "8 On the other hand, Usanov et all7] suggested the
HOB o, Ye' essential role of Arg426 of CYP11A1 corresponding to
— i H () Arg458 of mouse CYP27B1 in interaction with ADX. They
s also showed that Arg425 of CYP11A1l corresponding to
b —Fr=— Arg457 of mouse CYP27BL1 is involved in the folding of
)\o S CYP11A1l. Computer modeling of CYP27B1 suggests that
H 0D / Arg458 is located at the proximal surface and oriented
—_— F:e"— 0° 0s outside the CYP27B1 molecule, whereas the side chain of
S [o]
~ ]

Arg457 is oriented inside the CYP27B1 molecule. Our

i experimental data indicate that Arg457 is involved in protein
(ADX) ~ folding, consistent with a three-dimensional model of
FiIGURE 7: Mitochondrial P450 reaction cycle. The uncoupling goes CYP27B1. Thus, we focused on Arg458 to reveal its role
along route | or I, and hydrogen peroxide and/or water are (is) and function in interaction of CYP27B1 with ADX.
produced instead of the formation of the product. Substrate-induced difference spectra agvalues for

) ) substrate 25(OH)Pof wild-type CYP27B1 and mutants

10-fold higher molar concentration of ADX than ADR jngicate that the replacement of Arg458 of mouse CYP27B1
showed the highest activity (data not showng.-fydrox- toward Lys or GIn dose not affect the binding of substrate
ylation activity toward 25(OH)B of the wild type and  25(0H)D,. However, these mutants showed a great decrease
mutants CYP27B1, R458K, and R458Q was measured inof | _ values in b-hydroxylation activity for 25(0H)B
the reconstitution system containing various amounts of ADX (Taple 2). We expected R458Q to show a dramatic decrease

and ADR at a ratio of 10:1. Figure 6 shows the ADX i, 14-hydroxylation activity because this mutant corresponds
dependency of catalytic activity of wild type, R458K, and {4 R426Q of CYP11Al1, whose catalytic activity was

R458Q. Wild type and R458Q showed Michaeildenten- dramatically reduced as described by Usanov etla). (A
type kinetics with the equation = Vina{ADX]/(Km + high Ky, value of R458Q for ADX and a decrease of the
[ADX]). The kinetic parameters(, andk.a, were calculated 5t constant of the first electron transfer seem reasonable
to be 9.5¢M and 10.4 min* for the wild type and 347:M considering that conversion from Arg to noncharged Gin
and 0.80 min* for R458Q, respectively, by the nonlinear  5pjishes the salt-bridge formation with the acidic residue
regression analysis (Table 3). Thus, both a remarkable ot Apx. Thus, it is possible that the remarkable decrease of
increase oK and decrease ¢ were observed in R458Q.  he coupling efficiency of R458Q is due to decreased electron
On the other hand, the kinetic data of R458K were fitted t0 hressure based on the weak interaction between R458Q and
Hill's equationy = VinaADX] (K" + [ADX] "), and Hill's ADX. The NADPH-dependent reduction rate of heme iron
constantn was estimated to be 2.0. These results strongly 5n the coupling efficiency of wild type, R458K, and R458Q,
suggest that R458K negds binding of two ADX molecules gpown in Table 3, appear to be consistent with this
for lo-hydroxylation activity. assumption. However, we cannot explain the higher activity
of R458Q than R458K in Tables 2 and 3 only by electron
DISCUSSION pressure. Thus, we consider the possibility that Arg458 is
CYP27B1 catalyzes theathydroxylation of 25(OH)R also involved in an oxygen transfer reaction. As shown in
to produce #&,25(OH)Ds. This monooxygenation reaction Figure 6, R458K showed atypical kinetics for ADX con-
requires the interaction of the P450 with its proximal electron centration with Hill's constant of 2.0, suggesting that two
donor, ADX, which is responsible for the electron transfer ADX molecules are needed for catalytic activity. Judging
from ADR to CYP27B1. In this study, we examined the from the rate constant of the first electron transfer, reduced
interaction of CYP27B1 with ADX using site-directed ADX binds similarly to ferric R458K as to wild type with
mutagenesis and molecular modeling to identify the amino somewhat lower affinity. The fact that Arg can form a salt
acid residue of CYP27B1 responsible for interaction with bridge with two hydrogen bonds while Lys can form only
ADX. one hydrogen bond could explain the lower affinity and slow
The molecular modeling presented in this paper indicates reduction rate of heme iron. Although we have not measured
that the four positively charged residues located on the both the second electron transfer and oxygen transfer reaction
proximal surface of mouse CYP27B1, Lys370 and Lys374 rates, the extremely low catalytic activity of R458K in the
in the K-helix and Arg457 and Arg458 in the L-helix, are presence of uM ADX appears not due to slow electron
involved in electrostatic interaction with the four negatively transfer but instead to a slow oxygen transfer reaction after
charged amino acid residues of ADX, Asp72, Glu74, Asp76, the second electron transfer. Thus, the high catalytic activity
and Asp79. Sequence alignments revealed that the four aminaf R458K at high ADX concentration appears to be due to
acid residues Lys370, Lys374, Arg457, and Arg458 are the remarkable enhancement of the oxygen transfer reaction
highly conserved among all mitochondrial P450s, suggesting by binding two ADX molecules. Figure 8 shows a proposed
that these residues play important roles in interaction with interaction mechanism of R458K with ADX. When one
ADX. Wada et al. 16) showed that Lys377 and Lys381 of molecule of reduced ADX binds to oxyferric R458K, an
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Ficure 8: Proposed mechanism of interaction between wild-type
oxyferric CYP27B1 and reduced ADX (A) and those between g
oxyferric R458K and one molecule (B) or two molecules (C) of
reduced ADX.

oxygen transfer reaction hardly occurs after the second
electron transfer. However, if two molecules of reduced ADX
bind to oxyferric R458K, an oxygen transfer reaction is
promoted, probably by some conformational change of the
substrate-binding site of R458K. The coupling efficiency in

the presence of 20M ADX was estimated to be about 20%, 8.

although it is difficult to evaluate coupling efficiency exactly

due to the increase of CYP27Bl-independent NADPH o
oxidation. A significant increase of coupling efficiency with
increasing ADX concentration strongly suggests a confor-
mational change of the substrate-binding site of R458K. It
is unlikely that a dimer of reduced ADX binds to CYP27B1

because reduced ADX prefers monomer formation, whereas 11.

oxidized ADX prefers dimer formationl1@). Recently,
Strushkevich et al.30) indicated the presence of another
interaction site of CYP11A1 with ADX. Thus, it is possible
to assume that R458K has another binding site of reduced
ADX to form a 1:2 complex of R458K and ADX. On the
other hand, binding one molecule of reduced ADX is
sufficient for the conformational change of oxyferric wild-
type CYP27B1, judging from its MichaelisMenten-type
kinetics for ADX concentration and high coupling efficiency
(Figure 6 and Table 3).

Recent studies on the interaction between P450cam and
putidaredoxin revealed that the structure of the substrate-

binding site of oxyferric P450cam is changed by the binding 15,

of reduced putidaredoxin, and the resultant approach of the
substrated-camphor to the heme iron could promote the
oxygen transfer reactior8l). Thus, putidaredoxin plays an
“effector” role in addition to being an electron carrier.
Argl12 of P450cam forms a salt bridge with Asp38 of
putidaredoxin 82), and mutations of Argll12 caused an
uncoupling of NADPH oxidation 33). Our results in this
study strongly suggest that ADX plays an effector role in

1.

o 3.

10.

12.

14.

16.

17.

Biochemistry, Vol. 45, No. 14, 20061411

addition to being an electron carrier like putidaredoxin, and
Arg458 of CYP27B1 has a function similar to Argl112 of

o P450cam. To the best of our knowledge, this is the first report
o . suggesting that ADX functions as an effector upon kinetic

| Argass

studies including measurements of the coupling of NADPH
oxidation. As mentioned above, Arg458 of mouse CYP27B1
is conserved in all mitochondrial P450s. Thus, it might be
possible to assume that this conserved Arg plays an essential
role in the structural change of the substrate-binding site of

oxyferric form of mitochondrial P450 to promote

monooxygenation of the substrate.
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