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ABSTRACT Cytochrome P450 enzymes are monooxygen-
ases that contain a functional heme b group linked to a
conserved cysteine with a thiolate bond. In the native state, the
central iron atom is hexacoordinated with a covalently bound
water molecule. The exclusion of solvent molecules from the
active site is essential for efficient enzymatic function. Upon
substrate binding, water has to be displaced from the active
site to prevent electron uncoupling that results in hydrogen
peroxide or water. In contrast to typical hemoproteins, the
protein surface is not directly accessible from the heme of
cytochromes P450. We postulate a two-state model in which a
conserved arginine, stabilizing the heme propionate in all
known cytochrome P450 crystal structures, changes from the
initial, stable side-chain conformation to another rotamer
(metastable). In this new state, a functional water channel
(aqueduct) is formed from the active site to a water cluster
located on the thiolate side of the heme, close to the protein
surface. This water cluster communicates with the surface in
the closed state and is partly replaced by the flipping arginine
side chain in the open state, allowing water molecules to exit
to the surface or to reaccess the active site. This two-state
model suggests the presence of an exit pathway for water
between the active site and the protein surface.

Cytochrome P450 enzymes are monooxygenases (1) that cat-
alyze the incorporation of an oxygen atom into a large variety
of endogenous (e.g., steroids and eicosanoids) and xenobiotic
substrates. Mitochondrial/bacterial enzymes use a soluble
iron-sulfur protein to transfer electrons between the flavopro-
tein (FAD reductase) and the P450 (class I enzymes), whereas
microsomal P450 enzymes receive electrons directly from a
FAD/FMN reductase (class II enzymes; ref. 2). Mitochondrial
and microsomal P450 enzymes are coupled to NADPH as
electron donors, whereas bacterial class I P450 enzymes are
coupled to NADH.

These proteins contain a single heme b group, which plays
a major role in activating molecular oxygen (3). In the absence
of substrate, the Fe(III) atom is hexacoordinated with a
cysteine-thiolate ligand from the protein and a covalently
bound water (or hydroxide) trans from the sulfur atom (4). The
Fe(III) atom oscillates between the low-spin state (S = 1/2)
and the high-spin state (S = 5/2; ref. 5), with the low-spin state
favored in the absence of substrate (hexacoordinated form).
The incoming substrate displaces the covalently bound aqua
ligand from the oxidized heme, followed by a transition to the
high-spin state (6, 7).

Displacement of the active-site water molecules by the
substrate shifts the Fe(I1)/Fe(I1I) redox equilibrium potential
(8) in camphor monooxygenase (P450..m) at pH 7.0 toward the
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ferro, Fe(II), state, from —300 to —173 mV, and is believed to
decrease the polarity of the heme environment (9). This
process favors reduction of the substrate-bound enzyme by
putidaredoxin, the in vivo reductant of P450¢,m (1). The formal
reduction potential ranges from —400 to —170 mV vs. normal
hydrogen electrode for substrate-bound P450 enzymes (10).

The enzymatic cycle of cytochrome P450 proteins has been
thoroughly investigated (11-19). The exclusion of solvent
molecules from the active site is essential for efficient enzy-
matic function (19), but, in contrast to other hemoproteins, the
protein surface is not directly accessible from the heme of
cytochromes P450. Thus, the pathway followed by water from
the active site to the bulk solvent is not obvious.

Some water molecules displaced by the natural substrate are
suggested to occupy the internal solvent channel (14, 15, 20),
described in the substrate-bound cytochrome P450 crystal
structures (15, 21). This channel involves Thr-252.,, and
Glu-366..m, Which are located opposite to heme propionates in
the four known crystal structures. This channel involves three
water molecules and a conserved glutamate side chain, all of
which can act as a proton-relay system from the solvent toward
the dioxygen—ferryl complex (16). In substrate-free cyto-
chrome P450 (4, 22, 23), this channel is absent; only one or two
water molecules are present in the vicinity of the glutamate
side chain. The internal solvent channel does not account for
the exclusion of all water molecules from the active site
because it is not connected with the surface. This mechanism
of excluding excess water molecules from the active site into
bulk solvent is the subject of this paper.

Changes in volume measured during a low-spin- to high-
spin-state transition induced by osmotic pressure indicated
that about 19 water molecules are involved in this transition of
the fenchone-bound P450..m (24). However, the actual number
of water molecules might be affected by conformational
changes associated with this process. Nevertheless, this number
is surprisingly large compared with crystal structures of
P450..m that show three to nine structural water molecules
near the active site. Di Primo and coworkers (24) suggested
that water molecules other than those located in the active site
play a key role in modulating the spin equilibrium of P450c,m.

We postulate a two-state model in which a functionally
conserved arginine, which stabilizes the heme propionate in all
known cytochrome P450 crystal structures (15, 21-23),
changes from the initial (stable) side-chain conformation to
another rotamer (metastable). This structural change may be
one of many conformational substates sampled as a result of
thermal fluctuations in proteins (25).

In this new state, a functional aqueduct is formed from the
active site to a water cluster located on the thiolate side of the
heme, close to the protein surface (see Fig. 1a). The term
aqueduct is used to emphasize the active role of this channel
in the transport of water and to distinguish it from the “internal
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water channel” (14, 15). The water cluster communicates with
the surface in the closed state, and is partly replaced by the
flipping arginine side chain in the open state, allowing water
molecules to exit to the surface or to reaccess the active site.

This two-state model may explain one exit pathway for water
from the active site to the surface, as it is displaced by the
incoming substrate, and the access of water from the surface
to the active site as the catalytic product leaves the binding site.
More important, to prevent uncoupling, this model allows
displacement of excess water molecules from the active site
toward the protein surface through use of a pathway different
from the substrate access channel and the internal solvent
channel. With this model, we can account for the other
structural water molecules, which are not in the active site, that
influence the spin equilibrium (24) in the osmotically per-
turbed P450.,m. This model is supported by a detailed struc-
tural analysis of available high-resolution crystallographic data
of cytochrome P450 enzymes and by the alignment of 200
sequences of P450 proteins. Theoretical calculations of cavities
formed in the postulated two-state model and their hydration
patterns are presented.

MATERIALS AND METHODS

Analysis of Structures Determined by Crystallography. The
structures of three class I (P450cam, P450ierp, and P450,,yr) and
one class II (P450pMm3) bacterial enzymes have been deter-
mined using x-ray crystallography. P450..m catalyzes the ste-
reospecific hydroxylation of camphor at the 5-exo position and
was studied in the substrate-bound (2cpp; ref. 4) and substrate-
free (1phc; ref. 21) forms. P450..,, catalyzes the hydroxylation
of a-terpineol when this monoterpene is the sole carbon source
for a Pseudomonas bacteria, and it was crystallized in its
substrate-free form (lcpt; ref. 23). P450pm3 catalyzes the
w-end (nonpolar) hydroxylation of a variety of long-chain fatty
acids, alcohols, and amides. The substrate was modeled (26) in
the P450pMm3 substrate-free (2hpd and 2bmbh; refs. 22 and 26,
respectively) crystal structures. P450.,r stereospecifically hy-
droxylates 6-DEB (6-deoxyerythronolide B) at the 6S position
(27). Following hydroxylation, the 6-DEB macrolide ring is
metabolized to erythromycin A. The crystal structure of
substrate-bound P450..yr has been recently described (loxa;
ref. 15). Detailed analyses regarding these protein structures
have been recently published (2, 15). Cartesian coordinates for
22 protein crystals of four different P450 proteins (18 for
P450cam, 1 for P450¢crp, 2 for P450pms3, and 1 for P450,yk) have
been retrieved from the Brookhaven Protein Data Bank (28,
29) and examined graphically (30, 31).

Cavity Analysis. The presence and location of cavities in
each protein were determined from a grid search. At each grid
position, distances from a probe atom to the atoms of the
molecule are calculated. If all distances are smaller than the
sum of the van der Waals radii of each probe atom-molecule
atom pair, the grid point is considered part of a cavity. The
connectivity of cavities was determined using a clustering
algorithm. The following settings were used for all 22 cyto-
chrome P450 structures: probe atom radius, 1.0 A; grid spac-
ing, 0.3 A; and atomic van der Waals radii, C = 1.8, N = 1.8,
O =15,andS = 1.85 A. We use a small (1 A) probe atom to
compensate for the lack of structural fluctuations in the
protein models. Crystal waters were not included in the cavity
analysis.

Theoretical Calculations of Structural Hydration. We used
the Potentials of Mean Force (PMF) approach (32) to describe
the organization of water inside protein cavities and at the
surface of cytochrome P450 proteins. This approach is based
on a statistical mechanical expression for the water-density
distribution in terms of particle correlation functions. The
local water density was calculated at Cartesian grid points (0.3
A width). PMF calculations provide information on the equi-
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librium structural hydration, in addition to the crystallographic
data. The intrinsic flexibility of the hydration network is
reflected in the spatial extension and connectivity of calculated
high water density regions. The accuracy of the local water
density predictions have been verified against high resolution
(<1 A) DNA and RNA crystals (32).

The primary sequence alignment was used to determine the
presence of conserved arginines in cytochrome P450 enzymes.
The sequence alignment was based on the crystallographically
determined alignments of P450.,m, with P450¢, and P450pm3
(2) and with P450c.r (15), with preservation of structurally
conserved motifs. The primary sequences of two microsomal
P450 sequences, aromatase (estrogen synthetase, P450,,,) and
cholesterol side-chain cleavage (desmolase, P450..) have been
included in the analysis to represent mammalian P450 en-
zymes. Currently, 200 primary sequences of putative or known
cytochromes P450 are deposited in the Swiss-Prot Protein
Sequence Data Bank (33). These are part of the 481 genes and
22 pseudogenes of the 74 gene families (34) described so far.
The 200 protein sequences have been aligned using the Swiss-
Prot Data Bank and the BLAST algorithms (35).

RESULTS AND DISCUSSION

The Functional Aqueduct and the Two-State Model. A
possible pathway for the iron-bound water from the active site
to the protein surface is located between the heme propi-
onates, toward the thiolate side of the heme, into a conserved
water cluster that communicates with the surface. This path is
blocked by an arginine side chain (Arg-299..m, Arg-319crp,
Arg-398pm3, and Arg-293..yr), which forms a salt bridge with
one of the heme propionates. The arginine—propionate sur-
roundings have been examined in the crystallographic struc-
tures of the four cytochrome P450 proteins, as summarized in
Table 1. Hydrated salt bridge interactions are observed be-
tween propionate A and arginine in P450..m, P450¢.p, and
P450c;yr. In P450g\s3, the arginine side chain interacts with the
other (D) heme propionate. The arginine side chain is exposed
to a water-occupied cavity (the conserved water cluster) in all
four proteins, which allows the side chain to flip toward the
protein surface (Fig. 1). This motion can be accomplished by
modifying one or more torsional angles, as described for each
protein in Table 2.

These changes in the side-chain conformation open a con-
tinuous pathway from the heme to the conserved water cluster.
In the modified torsional state, the salt bridge is no longer
present, and the arginine guanidinium group occupies the
water cluster cavity and is partly exposed to the protein
surface. Potentially positively charged residues (e.g., His-
355cam, His-375erp, His-100pm3, and His-349.,,r) are close to
the heme propionate, providing a highly polar environment
that eases the fluctuations of the Arg-293.,, side to alternate
torsional states. Surrounding water molecules can also lower
the energy barrier for the transient breakage of the arginine—
propionate ion pair. The energetics of an internal salt bridge
interaction in proteins (36-38) suggest a free energy of ion-
pair formation between 3.0 and 5.0 kcal/mol. The structural
changes postulated in our two-state model include the break-
ing of a direct ion-pair contact and the formation of a
water-mediated ion pair that should cost less free energy (39).
We expect that most of the energy changes are related to the
rotational barrier of the torsional side chain, of approximately
2 kcal/mol. The substrate binding is the limiting step for the
reaction (1, 40). From the energetics of this fluctuation, we
expect the arginine side-chain motion to be much faster than
the time scale of substrate binding.

Cavity Analysis. The cavities forming the aqueduct are
shown in Fig. 2 for four representative P450 structures (1phc,
lcpt, 2hpd, and loxa). The arginine is rotated with the
guanidinium group pointing into the water cluster (Table 2).



Biochemistry: Oprea et al.

Table 1. Interatomic distances in the arginine-propionate region of cytochrome P450 crystal structures
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Contact groups P450cam Arg-299

P450 s, Arg-319

P4SOBM3 Arg—398

P450c.yr Arg-293

Heme propionate—arginine 3.07 (O2a-Nqy1)
2.82 (O1a-Ny2)
2.74 (O2a-Asp-297052)
3.20 (OzA-ASp-297031)
3.06 (024-652)
4.23 (Ny1-Asp-2970s2)
4.00 (Ny2-Asp-2970s1)

Heme propionate—other
side chains

Arginine—other side chains

3.33 (01a-Ny2)
433 (Oza-Ny2)
5.49 (OlA-Asn-72N52)
5.78 (O1a-Asn-7205)

2.97 (Ny1-Asn-72051)
3.63 (Nn1-ASI1—72N52)

2.93 (O2p-Nyp)

2.97 (O2a-Lys-69x;)

3.03 (N,-Ser-890)
3.06 (N,;-Ser-890)

2.94 (02a-Ny1)

2.89 (O1a-Nyp2)

4.06 (C,a-His-349Cp)
2.64 (01a-502)

2.64 (024-547)

3.21 (N,;-Thr-2920)
3.42 (Ng-Ser-590,)

543, 558, and 582
(within 4.25 A of N,)

Water—arginine

520, 662, and 664
(within 3.8 A of N,)

2.90 (Ny-Thr-910,)
2.97 (Ny2-Leu-860)
3.87 (N,2-1035)
1032 and 1036

(within 4.1 A of C,)

3.16 (Npi-547)
3.02 (N2-538)
441 (N,p-539)

Distances (in angstroms) are given for the following structures: 1phc (P450cam), 1ept (P450cerp), 2hpd (P450BMm3), and loxa (P450.ryr). Water
molecules are labeled with the numbers assigned in the corresponding Brookhaven Protein Data Bank file.

The distal (upper) side of the heme faces the large substrate
cavity. With the arginine rotated, the substrate cavity is
connected to a second solvent cavity on the proximal (under)
side of the heme plane. This second cavity is present in all 22
crystal structures and is occupied by water. A channel leads
from the solvent cavity to the surface. Thus, rotating the
arginine side chain is sufficient to open a connection from the
active site to the exterior, even when the rest of the protein
matrix is kept rigid.

Structural Hydration. PMF calculations (32) were used to
analyze the P450 hydration pattern. Regions of interest were
the salt bridge between arginine and the heme propionate A
(D for P450gm3) and the internal solvent channel formed
between a threonine (alanine for P450.,yr and the Thr-252 —
Ala P450.,m mutant; ref. 17) and a glutamate residue on the
opposite side of the heme. Results are shown in Fig. 3. The
PMF calculations of the local water density (probability of
finding a water molecule) agree with the crystallographic
findings; regions of high water density are observed near the
heme-arginine salt bridge in all four different crystal struc-

Fi1G. 1. The two-state model of the functional aqueduct. Schematic
illustration of the pathway followed by active-site water molecules
upon binding of substrate (camphor; Upper), which forces the rotation
of the arginine side chain, opening the functional aqueduct (Lower).
The aqueduct closes after water is eliminated from the active site.

tures, overlapping with waters Wat-652 in P450.,m, Wat-522 in
P450crp, Wat-1038 in P450pMm3, and Wat-547 in P450c;yr.
Large, connected high-density clusters are found in the solvent
cavity below the heme near the conserved arginine, overlap-
ping with several water molecules (e.g., Wat-537 in P450cm,
Wat-590 in P450.,, Wat-1036 in P450gMm3, and Wat-503 in
P450.yr). These solvent clusters are structurally conserved,
suggesting a functional role. The spatial extension of the
high-density regions connecting individual crystal water sites
suggests a significant degree of flexibility in the hydration
network. Fluctuations in the water cluster can facilitate a
partial opening of the heme-arginine salt bridge.

Aspects of the internal hydration of P450.,, were studied by
Wade (41), using the GRID program (42), and by molecular

FiG6.2. Cavities forming the aqueduct for four representative P450
structures (1phc, 1cpt, 2hpd, and 1oxa). The grid points comprising the
cavities are shown in blue. Large arrowheads indicate where the
cavities reach the protein surface. The substrate-access channel is not
shown. (a) In P450cam (1phc), rotation of the Arg-299 side chain opens
a wide channel directly connecting the substrate cavity to the protein
surface. (b) In the Arg-398-modified P450gm3 (2hpd), the substrate
cavity extends into the region previously occupied by water. However,
the guanidinium group of the rotated Arg-398 blocks a direct path
from the substrate cavity to the protein exterior. (c) In P450ccrp,
substrate and solvent cavities are only connected if the probe radius is
reduced to 0.82 A in the cavity calculations (purple). Dynamic
fluctuations are expected to widen the narrow channel formed be-
tween Phe-317 and Thr-103, which separate the two cavities. The
second cavity, extending to the left, does not connect with the surface.
(d) In P450.yr (10xa), the solvent channel extends from the substrate
cavity to the surface, with the narrowest part between the heme
propionate A and Thr-291.
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Table 2. Torsional angles for the native-state (experimental) and “open-aqueduct” state

’ ’ ’ ’

Arginine X1 X2 X3 X1 X2 X3 X4
Arg-299cam 178.0 -79.1 -176.3 —88.5 178.0 —160.7 —176.3 -160.0
Arg-319¢crp 170.5 -51.3 -173.1 —-101.8 180.0 -32.3 -60.0 —-101.8
Arg-398pm3 -177.1 —48.3 —58.7 —-83.9 -177.1 -179.2 —58.7 -80.3
Arg-293ciyr 172.8 —-62.4 —168.5 —104.2 172.8 —62.4 —168.5 90.7

dynamics simulations (43). In agreement with the present
study and the crystal structure, the heme—arginine salt bridge
was found to be hydrated in both substrate-free and substrate-
bound P450.,m (Wat-652). The region of the conserved water
cluster, critical to our postulate, was not specifically studied by
Wade and coworkers (41).

Sequence Alignment. The primary sequence alignment
(adapted from Hasemann and coworkers, ref. 2, and Cupp-
Vickery and Poulos, ref. 15) shows two distinct patterns;
bacterial class I P450 sequences have a conserved arginine
(Arg-299cam, Arg-319crp, and Arg-293..y¢) that forms a salt
bridge with the heme propionate A. The corresponding
aligned residues from the class II P450 sequences are Leu-
333m3, Arg-3754r0, and Arg-357s... However, in the P450gMm3
crystal structure, Arg-398 is observed to interact with the heme
propionate D, whereas Lys-69 interacts with the propionate A
(see Table 1). In the primary sequence alignment, the corre-
sponding residues are histidines for class I sequences (His-
355cam, His-375crp, and His-349,,yr), and arginines for the class
II proteins (Arg-435ar0 and Arg-421g).

The 504-residue sequence of aromatase was used to search
for the presence of other proteins with similar sequence in the
Swiss-Prot Data Bank, using the BLAST algorithm. All of these
proteins are biochemically characterized as cytochrome P450
enzymes. Among these proteins, 35 contain an arginine, and 1
contains a lysine, aligned to Arg-375ar (4—8 residues from the
K helix, containing the Glu-X-X-Arg conserved residues; ref.
2); 15 other sequences have an arginine and 8 have a histidine
aligned within 1 residue of Arg-375,,. Of these proteins, 44%

2cpp ‘& a® ohpd “%e b

Sy

Fic. 3. Structural hydration of the cytochrome P450 crystals.
Hydration analysis using crystallographic data and PMF calculations
of the regions near the heme propionate—arginine salt bridge and the
internal solvent channel. The heme is shown in red, arginine in green,
glutamate in yellow, threonine in blue, and alanine (1oxa) in gray. The
large magenta spheres indicate crystallographic water positions. The
cyan spheres correspond to grid points with high water density in the
PMF calculations. Medium and small cyan spheres correlate to
densities larger than five, and between three and five, respectively, in
units of the bulk density of water. Results are shown for P450cam (a),
P450pMm3 (b), P450terp (¢), and P450c.yr (d). An extended water cluster
is found near the arginine on the proximal side of the heme plane
(lower right corners of a—d, indicated by arrowheads). The internal
solvent channel is found in the P450¢am (@) and P450c.yr (d) structures
(upper left corners of a—d, indicated by arrowheads). In P450¢am, the
solvent channel appears as a continuous high-water density wire in the
PMF calculations. In P450cyr, water density regions are strongly
localized.

have a positively charged residue (37% have an arginine) at the
Arg-3754, location. Of the 134 sequences, 133 have an argi-
nine located 2 residues before the thiolate cysteine, and 1 has
a histidine.

The presence of arginine in the proximity of the thiolate
ligand was studied using the heme-thiolate signature (44),
F-[SNGH]-X-[GD]-X-[+]-X-C-[LIVMFAP]-[GAD], where
+ can be arginine, histidine, proline, or threonine, and X is any
residue. This signature is characteristic for cytochrome P450
enzymes. The search identified 200 sequences in the Swiss-Prot
Data Bank. Among the 198 biochemically characterized cyto-
chromes P450, the + position was predominantly occupied by
arginine (173 times). Histidine occurred in 19 sequences,
whereas threonine and proline occurred rarely (3 and 1
sequences, respectively). The remaining two cytochrome-like
sequences had a histidine and a threonine in that position.
Thus, more than 85% of these sequences have an arginine at
the Arg-398pm3 location.

The presence of Lys-69 in P450pym3 is unique, in both
sequence alignment and crystal structures, in its stabilizing role
for the heme propionate. A sequence probe of 100 residues
from P450pMm3 (with Lys-69 as the central residue) was used to
look for the presence of other proteins with similar sequence
in the Swiss-Prot Data Bank, using the BLAST algorithm.
Among the most similar 50 sequences retrieved, no cyto-
chrome P450 (except BM3 itself) was retrieved, suggesting an
anomalous sequence in this region of P450pms.

In summary, the primary sequence analyses suggest a high
probability of finding an arginine that interacts with the heme
propionate, which is involved in the functional aqueduct. The
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FiG. 4. Calculated radial distribution function g(r) of water around
the water sites Wat-515, Wat-519, and Wat-564, comprising the
internal solvent channel in P450cyr (loxa). The function g(r) is the
calculated average density of water in units of the bulk-water density
on a spherical shell of radius r around a water site in the crystal. Values
of g(r) larger than 1 indicate water localization. Around each of the
three water sites in the crystal, the water density was calculated using
the PMF method by averaging over 100,000 random points on each of
the shells. The estimated statistical error of the g(r) values is 0.02. All
three g(r) values show a peak at or near the crystal-water site (r = 0),
indicative of high water density at the crystal position, in agreement
with the crystallographic results.
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position of the residue is, however, not absolutely conserved in
the primary sequence.

Comparison with the Internal Solvent Channel. Our PMF
calculation results agree with the crystallographic hydration
pattern of the internal solvent channel (Fig. 4). We did not find
high water density patterns connecting glutamate and threo-
nine in the substrate-free P450c.m, P450pms, and P450:c,
structures. Interestingly, in the case of P450,,yr, we found three
strongly localized water-density peaks at the crystal-water
positions. A gap of 5.4 A between two water molecules is
bridged with the carbonyl oxygen of Gly-242. In contrast to
P450c.yr, a wire of high water density connects Thr-252 and
Glu-366 in most P450.,, structures with a substrate or inhib-
itor bound (1pha, 1phb, 1phd, 1phf, 1phg, 1cp4, 2cpp, 3cpp,
4cpp, Scpp, 6¢pp, Tcpp, and 8cpp), indicative of flexibility in
the water structure. In these crystal structures, two of the three
water molecules forming the internal solvent channel are
always present. The water molecule close to the threonine is
absent in three structures (3cp4, 4cpp, and 6¢cpp). For two of
these (4cpp and 6¢pp), however, the calculations show high
water density extending toward the threonine, suggesting that
the position close to the threonine could in part be occupied
by another water molecule. Interestingly, the water molecule
close to the threonine appears to be tightly packed in the
P450.am structures. This is most apparent in lplge, where
Wat-687 (occupancy 0.45) is within 2.9 A and 2.42 A of three
carbon atoms and an oxygen atom, respectively.

The absence of three water molecules linking Thr-252 to
Glu-366 in the internal solvent channel of substrate-free
structures is indicative of the way the enzyme avoids hydrogen
peroxide production in the absence of the substrate. The
presence of water in the active site of these structures suggests
two possible roles for water during enzyme activation: (i)
removal of the aqua ligand and of the active-site structural
water molecules reduces the redox potential and induces the
transition from low to high spin; and (if) water entering the
internal solvent channel activates the charge relay system. The
remaining water molecules, not involved in this process, can be
readily eliminated through the functional aqueduct.

Osmotic pressure-induced volume changes during low- to
high-spin transitions (24) in fenchone-bound P450.,m suggest
that approximately 19 water molecules are involved in this
process. The quantitative aspect of this estimate is limited by
the nature of the experimental (thermodynamic) measure-
ment, and could be affected by conformational changes of the
complex. Of the 19 structural waters, crystal structures account
for three to nine water molecules near the active site. In our
model, the open-aqueduct state may provide access to the
active site for the seven structural water molecules located in
the water cluster of substrate-bound (2cpp) and substrate-free
(1phc) P450c,m. This water cluster is open to bulk solvent,
which can supply the remaining water molecules. Thus, the
two-state model offers a possible explanation for the involve-
ment of structural water molecules, in addition to those present
in the active site, in modulating the spin equilibrium of
P450cam.

CONCLUSION

Elimination of water from the active site has been previously
shown to be essential for efficient electron coupling with the
monooxygenation reaction. We have proposed a functional
aqueduct that allows simultaneous displacement of excess
water molecules from the active site toward the protein
surface, using a different pathway than the substrate access
channel and the internal solvent channel. In our model, a
conserved arginine that stabilizes the heme propionate in all
known cytochrome P450 crystal structures can change from
the crystal side-chain conformation to another rotamer. The
new conformation opens an aqueduct that connects the active
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site to a water cluster located close to the protein surface, on
the proximal side of the heme. In the crystal structure, the
aqueduct is closed and the water cluster communicates with
the surface. In the open state, the arginine side chain occupies
in part this cluster, allowing water molecules to exit to the
surface, or to re-enter the active site. Changes between the
stable closed state and the metastable open state occur
continuously, independent of the substrate binding state.
During a substrate binding event, we expect the water flow to
be outward. With this two-state model, we can explain how
other structural water molecules, in addition to those present
in the active site, may be involved in modulating the spin
equilibrium of the osmotically perturbed P450.,m (24). Hereby
we do not exclude the possibility for structural water to exit the
catalytic site using other pathways, such as a substrate access
channel.

By combining site-directed mutagenesis and molecular dy-
namics (45), further insight could be gained in the functional
role of the proposed aqueduct. Site-directed mutagenesis
could identify residues that are involved in the proposed water
transport. Designing a mechanism and/or ligand that inter-
feres with this aqueduct could provide a general pharmaco-
logical tool to block cytochromes P450. Demonstration of this
mechanism could prove an invaluable addition to the exper-
imental study of metabolic pathways and to the understanding
of protein hydration and dynamics.
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