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Abstract

Seventeen missense mutations of 25-hydroxyvitamin D3 1�-hydroxylase (CYP27B1) that cause Vitamin D-dependent rickets type I
(VDDR-I) have been identified. To understand the mechanism by which each mutation disrupts 1�-hydroxylase activity and to visualize
the substrate-binding site, we performed the homology modeling of CYP27B1. The three-dimensional (3D) structure of CYP27B1 was
modeled on the basis of the crystal structure of rabbit CYP2C5, the first solved X-ray structure of a eukaryotic CYP. The 3D structure of
CYP27B1 contains 17 helices and 6�-strands, and the overall structural folding is similar to the available structures of soluble CYPs as
well as to the template CYP2C5. Mapping of the residues responsible for VDDR-I has provided much information concerning the function
of each mutant. We have previously reported site-directed mutagenesis studies on several mutants of CYP27B1 causing VDDR-1, and
suggested the role of each residue. All these suggestions are in good agreement with our 3D-model of CYP27B1. Furthermore, this model
enabled us to predict the function of the other mutation residues responsible for VDDR-I.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The hormonally active form of Vitamin D3, 1,25-dihydro-
xyvitamin D3 [1,25-(OH)2D3], is produced by two sepa-
rate hydroxylations; first, in the liver at the 25-position and
then, in the kidney at the 1�-position [1]. 1,25-(OH)2D3
directs cellular processes associated with calcium trans-
port, cellular differentiation and growth, and the immune
response[2]. 1,25-(OH)2D3 is catabolized via side-chain
hydroxylation at the C-23, -24 or -26 positions followed
by various side-chain oxidations[2]. All these oxidation
reactions are mediated by three hydroxylase enzymes, vi-
tamin D3 25-hydroxylase (CYP27A1), 25-hydroxyvitamin
D3 1�-hydroxylase (CYP27B1), and 25-hydroxyvitamin D3
24-hydroxylase (CYP24), which belong to the cytochrome
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P450 (CYP) superfamily. These three enzymes are typical
mitochondrial (class I) CYPs. There are only six known
eukaryotic members of this class of enzyme, three of which
are related to Vitamin D metabolism and the other three of
which, CYP11A1[3], CYP11B1, and CYP11B2[4], are
related to steroid oxidations. CYP27B1, which specifically
catalyzes hydroxylation at the 1�-position of 25-OHD3,
was ultimately cloned in 1997 in spite of its low expression
level and lability [5–8]. Cloning of CYP27B1 confirmed
that defects in the enzyme cause vitamin D-dependent rick-
ets type I (VDDR-I), which is manifested by symptoms of
hypotonia, weakness, and growth failure, occasionally ac-
companied by seizures[9]. Up to now, 17 one-point mutants
and several frameshift mutants have been reported[10,11],
and for a number of these mutants sequence alignment and
biochemical studies have suggested reasons for the lack of
1�-hydroxylation activity[12–14].

So far, crystal structures of six prokaryotic CYPs and one
eukaryotic CYP have been reported[15–21]. Prokaryotic
CYPs are soluble enzymes, whereas eukaryotic CYPs are
membrane bound insoluble proteins. The crystal structures
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of the six prokaryotic CYPs[15–20] indicate that they all
adopt similar structural folding, in spite of frequently hav-
ing less than 20% sequence identity and having vastly dif-
ferent substrate specificity. In 2000, the crystal structure of
rabbit CYP2C5 was reported as the first solved X-ray struc-
ture of a eukaryotic CYP, revealing that eukaryotic CYP
and prokaryotic CYPs share similar structural folding[21].
This prompted us to construct the 3D structure of CYP27B1
by the homology modeling technique using the structure of
CYP2C5 as a template, in order to study the mechanism by
which each mutation disrupts 1�-hydroxylase activity and to
visualize the substrate-binding pocket. In this paper, we re-
port the overall 3D-model structure of CYP27B1 and derive
from the constructed 3D-model the function of each residue
responsible for VDDR-I.

2. Methods

2.1. Sequence alignment

We aligned the three human CYPs responsible for vita-
min D metabolism (CYP27A1, CYP27B1, CYP24) and rab-
bit CYP2C5 by using ClustalW interfaced with Clustal X
(ver. 1.81) for Windows. A part of the computationally de-
rived alignment, namely the D helix including the N- and
C-terminal regions of CYP2C5, was modified manually to
align D164 of CYP27B1 with an acidic residue of CYP2C5
because D164 has been reported to be important for protein
folding [14].

2.2. Modeling

According to the alignment, we constructed a 3D-model
of CYP27B1 by using SYBYL modeling software,

Fig. 1. Sequence alignment of human CYP27B1 with rabbit CYP2C5. The A–L helices are labeled as defined by Williams et al.[21] and are noted
below the sequence of CYP2C5. Yellow, orange, and green boxes on CYP2C5 represent�-helix, 3/10 helix, and�-strand, respectively, in the crystal
structure of CYP2C5. Blue boxes and the above numbers show residues where point mutation causes VDDR-I. Identical residues in both CYPs are
depicted by red letters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

COMPOSER (Tripos Inc.), and the atomic coordinates of
the crystal structure of rabbit CYP2C5 as the template[21].
(1) The backbone of the structurally conserved regions
(SCR) (all helices and�-strands, loops having the same
number of amino acid residues except the F–G loop, and
residues except a few residues adjacent to the insertion or
deletion part) was constructed. (2) Backbone structures of
the residual parts were constructed with the loop search
command of SYBYL and the selected loops were joined to
the SCR parts. (3) Side-chains and then, hydrogens were
added to the backbone. (4) Heme was merged into the
protein as it adopts the same spatial location as the heme
of the template CYP2C5. (5) Energy minimization of the
constructed structure was performed until energy gradient
is lower than 0.1 kcal/(mol Å) on the Tripos force field.

3. Results and discussion

3.1. Sequence alignment and homology modeling

We constructed the 3D structure of CYP27B1 using the
crystal structure of CYP2C5 as a template. CYP2C5 is a
member of the mammalian microsomal P450 subfamily 2C
and selectively hydroxylates the 21-methyl group of pro-
gesterone. Sequence alignment was performed as described
in Section 2, and the results are shown inFig. 1. Sequence
identity between CYP2C5 and CYP27B1 is 23.5%. Highly
conserved and functionally important residues in the CYP
superfamily are: (1) three absolutely conserved residues,
ExxR in the K helix and C just before the L helix (for exam-
ple E376, R379, and C455 in CYP27B1); (2) the consensus
sequence (A/G)Gx(E/D)T in the center of the I helix; (3)
the consensus sequence F(G/S)xGx(H/R)xCxGxx(I/L/F)A
containing the Cys (C455 in CYP27B1) responsible for
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Fig. 2. 3D structure model of CYP27B1. (a) Ribbon loop presentation of CYP27B1 constructed by homology modeling (stereoview). Heme is shown
as ball and stick. The ERR triad is shown at the bottom of the left side. (b) C455 as the fifth ligand of Fe of the heme and A317 and T321 on the
I helix. (c) Hydrogen bonds between the heme-propionate and highly conserved amino acid residues (W134, R138, R453, and R389). (d) Heme and
amino acid residues constituting the substrate binding pocket (stereoview). Heme is depicted in red. (e) Mapping of 17 residues where point mutation
causes VDDR-I onto the 3D-model of CYP27B1 (stereoview). Heme is depicted in red.
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heme binding[22]. As shown inFig. 1, these important se-
quences of both CYPs are correctly aligned with each other.
In addition, the residues corresponding to the secondary
structure of the crystal CYP2C5 do not have any gaps or
insertions (Fig. 1). These show that almost all secondary
structure is conserved.

The 3D structure model of CYP27B1 was constructed
as described in theSection 2and is shown inFig. 2a.
The transient N-terminal region and the following region
of CYP27B1 (Met1–Ala38) were not constructed because
the coordinates of the corresponding region of CYP2C5
were not determined. The F–G loop is assumed to be a
substrate-accessible part and is known to be the most flexi-
ble region in CYPs. The coordinates of the F–G loop in the
template CYP2C5 are lacking. We tentatively constructed
this loop based on the topology of P450Bm3, whose F–G
loop has the highest similarity to that of CYP27B1[18].
We evaluated the model structure by using the PROCHECK
program. A Ramachandran plot shows that 98.5% of the
residues are either in the most favored or allowed regions.

The 3D structure of CYP27B1 was similar to those
of other CYPs reported so far. It contains 17 helices (13
�-helices and four 3/10 helices) and 6�-strands, as does the
template CYP2C5. In our model of CYP27B1, E376, R379,
and R432 form the ERR triad that is proposed to form the
conserved core folding in mitochondrial CYPs[23]. In this
ERR triad, E376 forms salt bridge with both R379 (3.0 Å)
and R432 (2.9 Å) (Fig. 2a).

The heme is sandwiched between the L helix including
its N-terminal loop and the I helix. The sulfide of C455
provides the axial ligand at the fifth coordination site of
the heme iron (Fig. 2b). This architecture is responsible
for the characteristic absorption spectrum of CYPs, an ab-
sorption band with a 450 nm maximum upon binding CO.
The propionate side-chain of the D ring of the heme forms
hydrogen bonds with R453 before the L helix, and with
W134 and R138 located at the N-terminal end of the C he-
lix (Fig. 2c). These three residues are all highly conserved
across mammalian CYPs (Fig. 1). The propionate side-chain
of the A ring of the heme interacts with R389 in a�-strand
(Fig. 2c).

A317 and T321 in the I helix are highly conserved,
of which T321 forms a hydrogen bond with the back-
bone carbonyl oxygen of A317 (Fig. 2b). T321, which is
located near the heme, is thought to be involved in the
oxygen activation mechanism. Residues whose side-chain
faces the substrate-binding pocket are L61, H62, Q65,
F80, W113, L127, V225, V228, L316, A317, T321, P385,
G386, N387, S388, T409, V496, and P497 (Fig. 2d). This
pocket is hydrophobic except for the site surrounded by
the A helix and the neighboring four�-strands. The ma-
jority of the residues facing the substrate-binding pocket
are located in five of six SRSs (substrate recognition sites)
proposed by Gotoh[24] excluding SRS3. Thus, our model
is successful in explaining the overall 3D structure of
CYP27B1.

3.2. Function presumed from 3D-model

The residues where missense mutation causes VDDR-I
are shown on the model structure of CYP27B1 (Fig. 2e). We
previously reported a mutagenesis study on several mutants
of CYP27B1 that cause VDDR-1, and suggested the role of
each residue: (1) R107, G125, and P497 have roles in proper
folding of the protein; (2) R389 and R453 are involved in
heme-propionate binding; (3) D164 stabilizes the 4-helix
bundle consisting of the D, E, I, and J helices; (4) R335P
disrupts the kink between the I helix and the J helix; (5)
T321 is responsible for the activation of molecular oxygen
[14]. All these suggestions are in good agreement with our
3D-model of CYP27B1 (Fig. 2). Furthermore, mapping of
the residues responsible for VDDR-I on the 3D-model of
CYP27B1 provided us with numerous insights with regard
to the function of the remaining mutants. From the location
of the residues, we infer the following functions for each
residue (Table 1). (1) Q65 and/or T409 might bind with the
hydroxyl group of 25-OHD3. These two residues are not
conserved among mitochondrial CYPs[14], indicating that
they are associated with the specific functions of CYP27B1.
(2) Proline has a role as helix breaker. P143L and P382S
disrupt this function, whereas R429P breaks the original
3/10 helix, as does R335P. (3) E189, S323, and V478 play
an important role in protein folding because the side-chains
of these 3 residues are buried inside the protein structure.

In conclusion, we constructed the 3D structure of
CYP27B1 which catalyzes the most important hydroxyla-
tion in vitamin D metabolism. The 3D structure provided an
opportunity to understand the spatial location and function
of the residues responsible for mutations with a clinical
phenotype. To confirm the function of residues such as Q65,
P143, E189, S323, P382, T409, R429, and V478, we are
now undertaking experimental studies using a co-expression
system of CYP27B1 and chaperonin.

Table 1
Function of residues responsible for VDDR-I

Mutation Location Function

Q65H A helix H-bond with substratea

R107H Loop B–C Folding
G125E Loop B–C Folding
P143L C helix (terminal) Folding (helix breaker)a

D164L D helix Folding (4-helix bundling)
E189L E helix Foldinga

T321R I helix Oxygen activation
S323Y I helix Foldinga

R335P I helix Folding
P382S K helix (terminal) Folding (helix breaker)a

R389C(H) �-strand Heme-propionate binding
T409I �-strand H-bond with substratea

R429P 3/10 Helix Foldinga

R453C Loop K’–L Heme-propionate binding
V478G �-strand Foldinga

P497R Terminal loop Folding

a Function inferred from the 3D-model of CYP27B1.
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