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Abstract

We have studied the dynamics of water molecules in six crystal structures of four
human cytochromes P450, 2A6, 2C8, 2C9, and 3A4, with molecular dynamics
simulations. In the crystal structures, only a few water molecules are seen and the
reported sizes of the active-site cavity vary a lot. In the simulations, the cavities are
completely filled with water molecules, although with ~20% lower density than in
bulk water. The 2A6 protein differs from the other three in that it has a very small
cavity with only two water molecules and no exchange with the surroundings. The
other three proteins have quite big cavities, with 41 water molecules on the average in
2C8 and 54-58 in 2C9 and 3A4, giving a water volume of 1500-2100 A3. The two
crystal structures of 2C9 differ quite appreciably, whereas those of 3A4 are quite
similar. The active-site cavity is connected to the surroundings by 3—6 channels,
through which there is a quite frequent exchange of water molecules (one molecule is
exchanged every 30-200 ps), except in 2A6. Most of the channels are observed also
in the crystal structures, but 2-3 channels in each protein open only during the
simulations. There are no water molecules close to the haem iron ion in these
simulations of the high-spin ferric state (the average distance to the closest water
molecule is 3.3-5 A) and there are few ordered water molecules in the active sites,

none of which is conserved in all proteins.



Introduction

The cytochromes P450 form a ubiquitous protein family with functions including
the synthesis and degradation of many physiologically important compounds and the
degradation of xenobiotics, e.g. most drugs.'? In the human genome, there are ~60
isoforms of this protein, but five of them, 1A2, 2C9, 2C19, 2D6, and 3A4 account for
the oxidation of ~90% of the drugs on the market.?

Crystal structures of bacterial P450s have been known for twenty years,* but
crystal structures of human P450s have only been known for four years.>678910.11 The
active site consists of a haem group with a central iron ion that is coordinated to a
cysteine (Cys) ligand from the protein. In some crystals, there is also a sixth ligand to
iron on the opposite side, typically a water molecule or an oxygen-derived ligand.
According to the consensus reaction mechanism of the P450s,? the resting Fe(III) state
of the enzyme binds the substrate. It is then reduced to Fe(II), allowing it to bind O».
After another reduction, the O—O bond is heterolytically cleaved and a high-valent
haem state (compound I) is formed, which may oxidise the substrate in various ways.

On the side of the haem group that is opposite to the Cys ligand, there is a cavity in
the P450s, where the substrate binds. The size of this cavity varies strongly between
the different P450s. For example, the volume of the cavity in the crystal structure of
the 2C8 isoform has been estimated to 1438 A3,'0 whereas it is only 470 A%in the 2C9
isoform.’ In the bacterial enzymes, the cavity is even smaller, down to 79 A3
Naturally, the size of the cavity determines the maximum size of the substrates and it
also determines the dynamics of a putative substrate in the active site (e.g. if the
substrate may rotate in the active site or if it must enter the cavity in the right
orientation for a reaction to occur). Therefore, it is important to estimate and compare
the volume of various cytochromes P450.

In crystal structures of the P450s, some water molecules are normally identified in
the active-site cavity, but the number varies strongly in the different structures,
ranging between 0 and ~20 in the human structures. This means that there are
extensive empty voids in most crystal structures. Hydration of cavities in proteins
have been much studied'*!4151617.18.19 and the consensus is that cavities of this size are
normally more or less filled with water molecules (the motion of which are so large
that they are not always observed in the crystal structures). In particular, it has been
shown by both experiments and theoretical calculations that the active-site cavity of
the bacterial P450cam contains six water molecules in the substrate-free form,
although there is room for ~10 waters.?*?!2223 However, the number and the dynamics
of the water molecules in the human P450s is currently not known. This is a great
problem, not the least in computational studies of these proteins, for which it makes a

great difference if there are few or many water molecules in the cavity, both for



substrate dynamics and for the reactivity of the active site. In fact, it has frequently
been suggested that ordered water molecules play an essential role in the reaction
mechanism of the P450s by relying the proton transfers needed for the heterolytic
cleavage of dioxygen.?*?326

The active-site cavity of many bacterial and some human P450s is essentially
closed, without any obvious channels through which substrates and products may
enter and leave, but there also exist several P450 structures, in which the active site is
more open to the surroundings.!??7282° Several studies have been devoted to the
identification of channels into the active-site cavity, especially for the bacterial
enzymes,*03132333435 but recently also for the human enzymes.?=3% These studies have
described 13 channels, although the extent to which they are used and the detailed
dynamics of the transport seem to vary extensively between the different structures. It
has also been pointed out that water molecules in the active site have to be removed
when the substrate binds.?” They can use the same channels as the substrate and the
product, but they may also use other (smaller) channels.*

In this paper, we use molecular dynamics simulations to study the structure and
dynamics of water molecules in six crystal structures of human cytochrome P450s
(2A6,2C8, 2C9, and 3A4). Molecular dynamics simulations have been performed on
a few of these structures before,’**8 but with a different focus. Our simulations allow
us to discuss the average number of water molecules in the active-site cavity, various
definitions of the volume of the cavity, the dynamics of the water molecules, their
transport in and out of the cavity, and whether there are any ordered water molecules

close to heme that may be of catalytic significance.

Methods

Structures

Six structures of four different human cytochromes P450 (2A6, 2C8, 2C9, and
3A4) were studied. The coordinates were obtained from the protein data bank,*
access codes 1710 (2A6)*, 1PQ2 (2C8)!°, 10G23, 1R90° (both 2C9), ITQN,” and
IWOF?® (both 3A4). In the following, the two 2C9 structures are called 2C90 (10G2)
and 2C9r (1R90), and the two 3A4 structures are called 3A4t (1TQN) and 3A4w
(1WOF). Amino acids that are not visible in the electron-density maps (amino acids
282-285 in 3A4t, 262-268 and 281-288 in 3A4w, and 38-42 and 214-220 in 2C9r)
were built using the SWISS-MODEL server*' without any template. Any ligands in
the structures were removed and only one monomer was used for the dimeric
structures. Hydrogen atoms and other missing atoms were added with the CHARMM

software,*” assuming that all Asp and Glu residues are negatively charged and that the



Lys and Arg residues are positively charged. The protonation status of the His
residues was determined by inspection of the solvent accessibility and hydrogen-bond
network around each residue and is shown in Table S1 (supporting information). The
Cys iron ligand was assumed to be negatively charged, whereas the other amino-acid
side chains were assumed to be neutral. The iron ion was studied in the high-spin
Fe(III) state because four of the crystal structures have no sixth ligand of the haem

iron (cf. Table 1) and we wanted to study all structures in the same state.

Parametrisation of the haem group

We used the standard CHARMM parameters for the haem group
(toppar_all22_prot_heme.str), including an explicit Fe-S bond. However, we
recalculated the charges of the haem group and the Cys ligand with the restrained
electrostatic potential (RESP)* as implemented in Amber 8.* These calculations were
based on electrostatic potential points obtained with the Merz—Kollman scheme* at
the B3LYP/6-31G* level of theory using the Gaussian98 software package.*® We used
a model consisting of the haem group with CH;S™ coordinated to the high-spin Fe(III)
ion (Figure S1) with the coordinates taken from the 2C9 structure. Hydrogen atoms
were added with the CHARMM software. The resulting charges are listed in Table S2
in the supporting information.

To test the parameters and find the intrinsic affinity of the iron ion for a water
molecule, we made a molecular mechanics minimisation of the haem group, a water
molecule, the Cys ligand and its two adjacent amino acids (Asn and Ile) from a
snapshot of the equilibrated 3A4w structure. This gave a Fe-O distance of 3.42 A,
which shows that the haem potential works properly, giving a five-coordinate iron ion,

as in the quantum mechanical calculations.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were performed with the CHARMM
software, version 30b1.*> Water molecules were described by the TIP3P explicit
solvent model.*” The protein was solvated in a box of water molecules, extending at
least 12 A outside the protein. The initial box size and number of water molecules are
shown in Table S3 (supporting information). The solvent and hydrogen atoms were
relaxed by a short molecular mechanics minimisation (1100 steps) with all atoms
except hydrogen atoms and water molecules harmonically restrained to their crystal
positions using a mass-weighted force constant of 10 kcal/mole/ A2. Then, a 20 ps
MD simulation was run with only the protein backbone restrained to the crystal

positions using a mass-weighted force constant of 5 kcal/mole/A2. Finally, the whole



system was equilibrated for 1 ns and data were then collected every fifth picosecond
for 4 ns. A time step of 2 fs was used throughout and all bonds involving hydrogen
atoms were constrained to the equilibrium distances by the SHAKE algorithm.*
Electrostatic interactions were treated by the particle mesh Ewald method,* All
simulations were performed at a constant temperature of 298 K and a constant
pressure of 1 atm.

The root-mean-squared deviation (RMSD) of the various structures during the
simulations are shown in Figure S2a and Table S4 in the supporting information. It
shows that all structures have a similar RMSD with respect to the average equilibrated
structure (0.8—1.1 A, least for 2A6 and largest for 3A4). The 2C90 and 2C9r
structures have similar RMSD, which indicates that the proteins are related and that
the MD simulations are proper. The same applies to the 3A4t and 3A4w structures
The RMSDs with respect to the crystal structures are somewhat larger (1.4-2.0 A)
and vary more among the various structures. The radius of gyration is also shown in
Figure S2b and Table S4.

Finding cavity water molecules

The aim of the present investigation is to study the number and dynamics of water
molecules in the active-site cavity of the various cytochromes P450. Unfortunately, it
is not trivial to decide which water molecules belong to this cavity,*' as is illustrated
in Figure 1. First, the active-site cavity is connected to the surrounding solvent by
water-filled channels. Therefore, it is not obvious where the channels end and the
cavity starts, especially as the shape of the channels change during the simulations.
Second, there are other small cavities in the protein, which are normally not
connected to the active-site cavity, but sometimes merge with it during the MD
simulations. Therefore, it is hard to construct methods that always provide the correct
number of water molecules in the active-site cavity (even by visual inspection, it is
normally not possible to unambiguously decide the number of cavity water molecules,
cf. Figure 1).

There are many algorithms and programs that identify cavity water molecules in
proteins.'305233:5435565738 After having tried several of these, we decided to implement
and use a simple and well-defined algorithm, called cavity_wat below. This algorithm
defines bulk-water molecules as those that are at least 3 A from any protein atom and
in contact with (i.e. within 2.5 A of) other bulk water molecules (to ensure that water
molecules in the middle of cavities inside the protein are not classified as bulk
waters). All atoms (including hydrogens) are considered in these distances.
Sometimes, this is not enough to avoid that water molecules in the active-site cavity

are classified as bulk-water molecules. Therefore, the algorithm also allows the user to



discard bulk water molecules close to an arbitrary position in the simulated system
(we used a distance of 13 A from the haem iron in this investigation). Three
subsequent layers of water molecules (quite arbitrarily called surface, deep surface,
and channel water) are then defined as water molecules in contact with the previous
layer and not belonging to an already defined layer. The remaining molecules are
defined as cavity water molecules (cf. Figure S3 in the supporting information).

Of course, this includes any water molecules in voids and pockets of the protein
and not only the active-site cavity. Therefore, we next run a Python script intended to
restrict the list to water molecules in the active-site cavity: First all cavity water
molecules below the haem plane (i.e. on the same side as the axial Cys ligand) are
excluded. Then, the script selects the cavity water molecules that are in direct or
indirect (i.e. by other cavity water molecules) contact with the water molecule closest
to the haem iron.

These algorithms are not foolproof and sometimes they fail. We have found four
main causes for these failures. First, it may happen that the distal part of the cavity or
the channels widen so much that the algorithm finds bulk water inside them. Second,
the active-site cavity may occasionally merge with other cavities. Third, the mouth of
a channel may become so narrow that its surroundings and all the channel becomes
categorised as a cavity. Fourth, some water molecules are not always directly
connected to the other water molecules in the active-site cavity. To avoid the results to
be biased by these problems, we made a histogram of the number of cavity water
molecules for each protein and manually inspected all snapshots that were found
outside the 95% significance error margin. Snapshots, for which the algorithm had
failed were discarded. In our simulations, most problems were encountered for the
2C9 structures, because they have many and wide channels to the solvent. Some
problematic structures were discarded for 2C8 and 3A4, whereas for 2A6 the
problems were minimal. All data were analysed using the statistics software R,*
version 2.1.1.

The solvent-accessible volume of the active-site cavities were determined directly
from the crystal structures (without equilibration) with the ProShape Pocket
software, 5% using a probe radius of 1.4 A. Since Pocket does not recognize the haem
group, 200 A3 (the approximate volume of the haem group) was subtracted from the
raw result. We also calculated the volume of the cavity during the simulations based
on the number of water molecules multiplied with the average volume of a water
molecule in bulk water (30 A313).

The exchange of water molecules between the cavity and bulk was identified from
the list provided by the cavity_wat and Python search script. Potential exchanges were

visually inspected by VMD .%!



Results and Discussion
Cavity volume and water molecules in the crystal structures

According to the original publications, the volume of active-site cavities vary
vastly in the various human cytochromes P450, 470—1438 A3 Eror: Reference source not found.7.8.10
However this variation is mainly caused by the fact that different methods and
parameters have been used to calculate the volume (as has already been noted for the
two 3A4 structures®?). In fact, there are several definitions of volumes in proteins, as is
illustrated in Figure 2:32% The union of the van der Waals volumes of all atoms gives
the van der Waals volume. If the van der Waals radii are increased by a solvent probe
radius (typically the radius of water, 1.4 A), the solvent-accessible volume is obtained.
It is delimited by the surface obtained by rolling a sphere with the probe radius over
the van der Waals surface. Finally, the molecular volume is similar to the van der
Waals volume, but it includes also the space not accessible by the solvent probe.
Consequently, the molecular volume is slightly larger than the van der Waals volume,
whereas the solvent-accessible volume is appreciably larger. Conversely, the volume
of a cavity, delineated by a protein surface calculated by these three definitions should
be largest for the van der Waals volume and smallest for the solvent-accessible
volume (Figure 2).

Moreover, different programs use different methods to find cavities and their
volumes and they can give slightly different results.'*~” Even worse, most programs
require that a cavity is not accessible to bulk solvent, which for P450 structures with
wide channels means that the probe radius must be increased until the channels are
closed, but at the same time this increase in probe radius will decrease the solvent-
accessible volume of the cavity. Thus, depending on the probe radius, various
amounts of the channels will be included in the active-site cavity.

This problem is illustrated in Table S5, in which the volume of the active-site
cavity in 3A4t has been calculated with the VOIDOO software>® with the three
different volume definitions and two different probe radii. It can be seen that the three
different volumes differ strongly (from 37 to 561 A%), whereas the dependence on the
probe radius is smaller for this protein with small channels. However, neither of the
six volumes are close to the volume calculated in the original article (1386 A3),
although the same program was used, indicating that non-default parameters were
used. Unfortunately, the VOIDOO program fails to identify the cavity for three of the
structures with default settings.

We have been able to estimate solvent-accessible volumes for all the six crystal

structures in this investigation with the Pocket software> and default settings. The



results in Table 1 show that if the same definition of the volume is used, the variation
in cavity size is small for four of the structures (2C8, 2C90, 3A4t, and 3A4w), 441—
554 A3. For the other 2C9 structure (2C9r), the program estimates a much larger
cavity volume, 819 A3. However, this difference is entirely caused by the parameters
of the program: If a probe radius of 1.8 A is used (instead of the default 1.4 A), the
solvent-accessible cavity volumes of 2C9r and 2C90 become exactly the same. The
reason for this is that the channel to the cavity is wider in 2C9r than in 2C90 and
therefore becomes included in the cavity if a small probe radius is used. Therefore, we
can conclude that the cavities of the 2C8, 2C9, and 3A4 structures are approximately
of the same size. On the other hand, the cavity in the 2A6 structure is much smaller
(79 A3) and in this case, the difference is real. Finally, it is notable that the cavity size
of the two 3A4 structures differ by 42 A3, which gives a rough idea of the accuracy of
the volume estimates.

In Table 1, we also list the number of water molecules in the active-site cavity
observed in the crystal structure. Apparently, there is little correlation between the
volume of the active-site cavity and the number of crystal water molecules in it.
Instead, the number of reported water molecules seems to correlate with the resolution
of the crystal structure, because 3A4t, which has an appreciably better resolution than
the other structures (except 2A6, and 2C9r, the cavity of which are filled with a
substrate), has the highest number of water molecules. However, this can also be
because this structure has a charged residue, Arg-212, that points into the active-site
cavity and thereby may stabilise a hydrogen-bond network between the water
molecules.

With the exception of the 3A4t structure, all the other structures give the
impression that the active-site cavity is at least partly empty (the average volume of a
water molecule in bulk water is ~30 A3). We will see that this only reflects the fact
that the water molecules are not discerned in the crystal structures, because they are

too mobile and do not bind at the same position all the time.

Number of water molecules in the simulations

We have analysed the number of water molecules in the active-site cavity during
the simulations as described in the Methods section. The results are collected in Table
2 and show that the 2C9 and 3A4 proteins have the largest average number of cavity
water molecules, 54-58. The 2C8 protein has a somewhat lower number of water
molecules (41), whereas the 2A6 protein is completely different from the other
proteins, showing a minimal cavity with only 2 water molecules.

It should be noted that in 2C9r, the active site is divided into two parts by Phe-476.

In ~60% of the snapshots, the two parts are not connected, giving a rather low number



of water molecules in the active-site cavity (~35). However, we decided to include
also the other part of the cavity in the calculations, to make the results more
comparable with that of the other structures. In the 2C9o structure, Phe-476 has
another conformation and does not split the cavity. This change in conformation is
caused by the interaction with Phe-100, which also has different conformations in the
two structures. Both groups are close to amino acids 220-223, which were mutated in
2C90, indicating that those mutations may cause the change in conformation and
cavity shape. The conformation of 2C90 does not change when a substrate is bound.’
In fact, the active-site cavity is split into two parts also in the 2C8 protein (by Ile-
476), but in this protein, the two parts are always connected.

We have estimated the density of the water molecules in the active-site cavity by
calculating their surface-accessible volume and comparing it with that of the same
number of water molecules in bulk water. The results indicate that the density is 15—
25% lower in the active-site cavities of 2C8, 2C9, and 3A4 than in bulk water,
whereas the cavity in 2A6 is large enough to room twice as many water molecules.

These results give quite a different picture of the active-site cavities than the
crystal structures. First, there are many water molecules in the active-site cavity of all
proteins except 2A6. In principle, the cavities are filled with water, with a density
slightly lower than that in bulk water. This is of course important to know and model
in theoretical simulations of the protein. It is also important for the interpretation of
binding data of the proteins.

Second, the number of water molecules varies significantly among the various
snapshots, showing that waters move in and out of the cavity in a rapid time scale. For
example, the solvent-accessible volume, estimated by the Pocket software at the end
of the simulation (after removal of the water molecules) has changed by 22-270 A3
compared to the estimate in the crystal structure (Table 2) and similar differences are
also observed for the various snapshots from the MD simulations, although the
algorithm fails to give a reliable estimate of the volume for many structures, owing to
the problems discussed in the Methods section (this is why we did not use this
software to study the cavity in the simulation).

Third, the 2A6 protein shows only a minimal active-site cavity and in the 2C8
protein the active-site cavity is 25% smaller than in the other two proteins.

Fourth, we see that the solvent-accessible volume is a poor estimate of the volume
available to molecules like water and substrates. If we multiply the average number of
water molecules in the cavity for all proteins with the average volume of a water
molecule in bulk water (~30 A3), the resulting volumes are 2—3 times larger than the
solvent-accessible volume estimated by the Pocket* software. The reason for this is

that part of the volumes of the water molecules are assigned to the protein, as can be



seen in Figure 2. Thus, the molecular volume gives a much better estimate of the
available volume.

In conclusions, cavity volumes are hard to reliably estimate, there are different
definitions, and various methods (software) give different results. Undoubtedly, our
estimates, based on the average number of water molecules during long MD
simulations, provide a reliable estimate of the volume available for waters or a
substrate. However, it must always be recognised that the number varies, owing to
dynamic effects (the standard deviation is 5-9, except in 2A0).

We have tried to correlate the number of water molecules in the active site with
many different properties (charge, hydrophobicity, charge per volume, etc.) of the

amino acids aligning the active-site cavities but without finding any clear correlation.

The shape of the active-site cavity

The volume of the active-site cavity is interesting when trying to understand the
binding of various substrates and inhibitors to the protein, but the shape of the cavity
is also important. Therefore, we have studied the distribution of the cavity water
molecules at various distances from the haem iron ion (Fe—O distance) in the MD
simulations. The results in Figure 3 show that the cavities have quite different shapes.
All cavities have a maximum width around 10-14 A, except for the small cavity in
2A6. However, in the 2C9 proteins, the size falls smoothly off towards both smaller
and larger distances, whereas the distribution is more uneven and flat in 2C8. The 3A4
cavity shows a waist at a distance of 16-18 A, because the cavity extends out under
the F' helix and becomes larger again once it is beyond the Phe-cluster, which forms a
roof over most of the cavity.

An even clearer picture of the cavities is given in Figure 4, which shows a typical
snapshot of each of the six proteins, with the cavity water molecules displayed as a
surface (of course, the details in these pictures will change if a different snapshot is
used, but the snapshots were selected to contain the average number of water
molecules). These figures show that the shape of the cavity is similar in all proteins
(except 2A6) close to the haem group, whereas the distal part of the cavity and its
extension into channels differ extensively.

Interestingly, the shape of the cavity in the two 2C9 proteins is quite different, as
has been noted before:® In 2C9o, the cavity falls off sharply at both long and short
distances from the haem group, whereas the distribution is more even in 2C9r. The
reason for this is mostly in the region of the cavity furthest away from the I-helix. In
this region, the 2C9o structure was heavily mutated and some amino acids were not
discernible in the 2COr structure. The higher number of water molecules at large

distances in the 2C9r simulation comes from the part of the active site beyond Phe-
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476 (yellow in Figure 4), which is situated between two channels close to the 3, sheet
(pw2b and pw2d; the naming of the helices and loops is shown in Figure S4a) and
which is sometimes connected to the main cavity, as mentioned above.

Finally, the error bars in Figure 3 show the standard deviation in the number of
water molecules at various distance. They illustrate the dynamics of the waters at
various distances. It can be seen that the 2A6 and 2C8 simulations have rather low
and uniform standard deviations. This indicates that the cavity is well-defined at all
distances, with small channels to the bulk solvent. On the other hand, the 2C90
simulation show a large variation, especially at intermediate distances (10-18 A) from

Fe, where the access channels are found.

Water molecule close to haem

In the resting state of cytochrome P450, the iron ion is in the low-spin Fe(IlI) state
with a water molecule coordinated as a sixth ligand at a distance of ~2.3 A. However,
only in two of the crystal structures (2C9r and 3A4t) is a sixth ligand of iron
observed, a solvent molecule 2.44 and 2.07 A from Fe respectively (cf. Table 1).67
Therefore, we modelled the iron ion in the five-coordinate high-spin Fe(III) state
instead. As mentioned in the Methods section, our haem parameters give an optimum
Fe—O distance of 3.42 A in the absence of the surrounding protein.

From Figure 3, it can be seen that less than 1.5 water molecules on average are
found closer than 4.0 A from the haem iron in all simulations. In Table 3, we elaborate
further on this measure by calculating the distance between Fe and the closest water
molecule in the various snapshots of the MD simulations. It can be seen that a sixth
iron ligand is not observed in any of the proteins, although the closest water molecule
occasionally approaches the iron ion (down to a distance of 2.4 A). In five of the
proteins, the average Fe—O distance is ~3.5 A, whereas in 2A6, it is as much as 5.0 A.
Thus, it is clear that there are no water molecules close to the iron ion in the high-spin
Fe(III) state.

Solvent-access channels

Many of the water molecules show a sizeable dynamics and several of the cavity
water molecules exchange with bulk waters. This exchange takes place through a
number of channels, which show different extensions in the four proteins. It is highly
likely that at least some of these channels are used also for the transport of substrates
into and products out from the active site. Therefore, it is of great interest to
characterise these channels. Wade et. al.”” have identified channels in all available
(March 2006) crystal structures of cytochromes P450 using the CAVER® software. To

11



facilitate the comparison with their results, we have adopted their naming of the
channels. The identified channels are shown in Figure 5 and statistics of the usage of
the various channels for exchange with bulk are collected in Table 4.

The 2A6 protein is quite different from the others in that it is completely closed
and no channels are visible in the crystal structure. During the simulation no channel
from the active-site cavity to the bulk opens. The pw2e channel, which runs through
the BC loop, exists, but it connects to a side cavity above the loop from the K helix to
the 3, sheet (the naming of the helices and sheets are shown in Figure S4b). The
active-site cavity is separated from the pw2e channel by the Phe-118 residue. This
means that it is likely that the water molecules in the active-site cavity are not in
equilibrium with bulk water for this protein (i.e. that the estimated number of water
molecules in the cavity is not completely reliable). However, it is certain that the
cavity of this protein is much smaller than for the other proteins and the exchange of
water molecules with the bulk is slower.

In 2C8, we observe the pw2b channel, which passes between the BC loop and the
. sheet, the pw2c channel, which goes between the B'-C loop and the I and G helices,
and the pw2e channel. In addition, we also observe two channels, not seen in the
crystal structure:?® pw2f and pw5. Pw2f runs between the F' helix, the A helix, and the
loop in the P4 sheet, whereas pw5 runs between the A helix, the loop in the 3, sheet
and the loop from the K helix to the {3, sheet (note that pw5 differs from the one
described by Wade? in that it exits above the loop from helix K to the [2], sheet
instead of below it). The pw2c channel is in the same region as the cluster of water
molecules observed close to the carboxylate group of the substrate diclofenac in the
structure of rabbit P450 2C5.% We also see a large cleft on the surface of the protein
where the solvent channel should be, but this crevice is not connected to the active-
site cavity at any time during the simulation. As mentioned above, the active-site
cavity is almost cut off before it reaches the pw2b channel and then extends (yellow
in Figure 5) from the pw2b channel to the pw4 channels. Only the pw2c and pw2e
channels are directly connected to the part of active-site cavity that is close to haem.
The pw2c and pw2e channels are used equally frequently for water transport (Table
4). The pw2f channel opens by a conformational change of the side chain of Val-47
only during the last third of the simulation.

In the 2C90 protein, there are four channels, the solvent channel, which runs on top
of the I helix, between the loops from the F' to F helices and the loop in the , sheet,
pw2c, pw2f, and pw5 (also in this protein, pw5 exits above the loop from helix K to
the [2),). The solvent channel is used twice as frequently as the pw2c channel,
whereas the pw5 channel is used only four times during the 4 ns simulation. We also

observe a single water molecule passing through the pw2f channel. In the 2C9r
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protein, on the other hand, we observe the pw2b, pw2d, pw2e, pw2f, solvent channel,
and the pw2ac channel, but not the pw5 channel. The pw2d channel runs between the
N-terminus and helix A, whereas the pw2ac channel is almost on top of the pw2e
channel, between the BC loop and the G-helix. Many water molecules exchange
through the pw2b and pw2d channels, but most of them end up in the distal part of the
active-site cavity (yellow in Figure 5). Most of the exchange between bulk and active-
site cavity close to the haem group occurs through the solvent channel and the pw2e
and pw2ac channels. The pw2f channel is never used, because a strongly hydrogen
bonded water molecule blocks it. The pw2b, pw2d, and pw5 channels are not
observed in the crystal structures.”

In the 3A4 proteins, we observe three channels in both simulations, viz. the pw2b,
pw2e, and solvent channels. However, the solvent channel is only used for exchange
in 3A4t. In 3A4w, the solvent channel is disconnected from the active-site cavity most
of the time, and when it is connected, it is so narrow that it does not allow for any
exchange of water. On the other hand, we also find the pw2d channel in 3A4w, which
opens for transport once. In 3A4t, the pw4 channel that runs between the F' and G'
helices, opens at a single occasion. Neither of these two channels are observed in the
crystal structures.” In both 3A4 proteins, the pw2e channel is used almost twice as
often as the pw2b channel for exchanging cavity water molecules with bulk solvent.
In the simulation of 3A4t, the solvent channel is used half as often as the pw2b
channel.

In general we find that the pw2f and pw5 channels are not used much for exchange
with bulk. This is probably because they are longer and narrower than the other
channels. Oprea et al.*® have suggested that there may exist another channel between
an Arg residue and one of the haem propionate groups on the side of the haem group
opposite to the active-site cavity (the water channel). In our simulations, we do not
observe this channel at any time, not even for 2A6, which is most similar to the
structures studied by Oprea et al.

There is little correlation between the polarity of the various channels and their use
for water exchange. However, channels in which the water molecules have many
hydrogen bonds to the protein are often not used for exchange — at least not in the

time scale of our simulations.

Mobility of water molecules

To study the mobility of the water molecules, we determined the root-mean-
squared deviation of all water molecules found in the active-site cavity at any time
during the simulations with respect to the position in the first snapshot after

equilibration (RMSD). The results are shown in Figure 6, in which the water
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molecules are colour-coded according to their RMSD: Water molecules with a RMSD
greater than 15 A (black) are in the bulk at some point during the simulation, those
with a RMSD of 7-15 A (blue) may be in the bulk at some part of the simulation or
they move around extensively in the active site or the access channels, those with a
RMSD of 3-7 A (green) do not move much and remain inside the active-site cavity or
the access channel during the entire simulation, whereas those with a RMSD of less
than 3 A (red) remain in the same position during the whole simulation.

In the 2A6 protein, only two water molecules are found in the active-site cavity.
None of them exchange with bulk during the simulation time, but they have a
relatively high mobility (RMSDs of 5.3 and 7.3 A).

In 2C8, most active-site water molecules have a quite high mobility (RMSD 7-15
A). However, there are nine water molecules that show a lower mobility. These water
molecules are confined by steric hindrance or hydrogen bonds. Water molecules in the
distal part of the cavity and in the channels naturally have a higher mobility.

Water molecules in the two 2C9 simulations show a higher mobility than for the
other proteins (a larger proportion of water molecules with a RMSD larger than 15 A).
Only four and six molecules have a RMSD below 7 A in 2C90 and 2C9r, respectively.
The least mobile one in 2C90 forms hydrogen bonds to the side chain of Asp-264 and
the backbone nitrogen atoms of Phe-114 and Gly-111. One of the green ones in 2C90
is confined by steric hindrance during most of the simulation, whereas the other two
green ones are confined into a small side cavity. In 2C9r, the least mobile molecules
(the two red ones) are confined into small cages of amino acids with multiple
hydrogen bonds. One of the green molecules is blocking the pw2f channel. Two other
molecules are confined into small pockets at the side of the pw2b and solvent
channels. The two proteins differ in that there are more mobile water molecules in
2COr, because there is a larger exchange with bulk.

The mobility of water molecules in the 3A4 simulations are quite similar to those
of 2C8. Most water molecules have a quite high mobility, but there are also some with
a lower mobility. The green one to the right in Figure 6 of 3A4w and 3A4t (RMSD of
3.0 and 3.1 A respectively) forms a kink in the I-helix by interrupting the hydrogen
bond between Phe-304 and Glu-308. Such a kink in helix I, caused by an inserted
water molecule, has been observed in all high-resolution structures of bacterial P450s,
although at slightly varying positions.** In our simulations, such kinks are observed
for 2C8 and 3A4, but not for the other two proteins. There are also clusters of water
molecules with a low mobility at the bottom left of the 3A4 figures. They are simply
confined in the far end of the active-site cavity, close to the pw2d channel, and have
nowhere to go, although a few molecules in 3A4w managed to escape.

In bacterial P450s, four well-ordered water molecules in the active site have been
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suggested to be important for the catalytic activity.®® From Figure 6, it can be seen that
such a network is not conserved in any of the human enzymes. Of course, the reason
for this can be that we do not study a substrate-bound compound I state (the
supposedly enzymatically active state), but the results clearly show that the water
structure is not ordered in the high-spin ferric state to any extent, not even close to the

haem group.

Conclusions

In this paper, we have studied the dynamics of water molecules in the active-site
cavity of six crystal structures of four human cytochromes P450 (2A6, 2C8, 2C9, and
3A4) using MD simulations. These simulations have provided a large amount of
useful information.

First, we have seen that it is hard to unambiguously delimit the active site in these
proteins, because the cavity is dynamic, there are many channels to the surroundings
with different sizes, and there are other cavities in the protein that occasionally may
merge with the active-site cavity. Different definitions of the cavity may lead to
widely different estimates of the active-site cavity volume, e.g. 520 and 1386 A3 for
the two 3A4 structures.”® We do not claim that our definition of the active-site cavity
is better than any other; on the contrary we have noted several problems with it, but
these can be identified by statistical methods in our extensive material of sampled
snapshots. Our investigation has the advantage of studying explicit water molecules,
of including the dynamics of the protein, and of using the same well-defined
algorithm for all the crystal structures of human P450s.

By this approach, we have estimated the number of water molecules in the active-
site cavity in the six proteins during a 4 ns MD simulation. The results (in Table 2)
show that the cavity is completely filled with water molecules, in contrast to what is
observed in most crystal structures.>®’#1° However, although the density is ~20 %
lower than in bulk water. The 2A6 protein differs strongly from the three others in that
the active-site cavity is very small, containing only two water molecules, which do
not exchange with bulk water during the simulation time. The 2C8, 2C9, and 3A4
proteins have much larger cavities with 41 (2C8) or 54-58 (2C9 and 3A4) water
molecules on the average. If we assume that the volume of each water molecule is
1.25 times the average volume of a water molecule in bulk water, this means that the
volume of the active-site cavity of these proteins is 1500-2100 A3,

The active-site cavity is connected to the water solution by 3—6 channels in the
various proteins (none for 2A6). All of them have been observed before for human or
bacterial P450s.293031:3233343536 However, in all structures (except 2A6), we observe

channels that are not apparent in the crystal structures,?® but open only during the

15



simulations (pw2f and pw5 in 2C8, pw2b, pw2e, and pw5 in 2C9, and pw2d and pw4
in3A4). This shows that dynamic effects are important for the channels.

In all proteins, except 2A6, these channels are used quite extensively for the
exchange of water molecules with the bulk: On the average, a water molecule passes
one of the channels every 30-200 ps (more seldom in 2C8 than in the other two
proteins; it is possible that these values are somewhat too low, because the TIP3P
water model gives a self-diffusion coefficient that is almost twice as large as the
experimental one®”). 2C8 uses mostly the pw2c and pw2e channels, 3A4 the pw2e and
pw2b channels, whereas the 2C9 proteins use the solvent channels extensively (and
also the pw2c channel for 2C90 and the pw2e channel for 2C9r). It is most likely that
some of these channels are also used for the transport of the substrate into and the
product out of the proteins. Thus, we have seen that simple MD simulations constitute
a effective method to identify channels, at least in these proteins.

Finally, the simulations have also enabled us to study the mobility of the water
molecules in the human P450s. It turned out (Figure 6) that most water molecules in
the active-site cavity are quite mobile. Only three water molecules in the two 2C9
structures remain in a single position (RMSD of less than 3 A). Thus, there is no
conserved water structure in the active site of these studied high-spin ferric state. In
particular, there are no water molecules close to the catalytic iron ion (the average
distance to the water molecule closest to the iron ion is 3.3-5 A).

In conclusion, our MD simulations show that the 2A6 protein differs considerably
from the other three studied enzymes with a very small and closed active-site cavity.
The active-site cavity in 2C8 is ~25% smaller than in the other two proteins, whereas
the 2C9 and 3A4 proteins are quite similar and the differences between the two
proteins are not larger than between the two different structures of the 2C9 and 3A4
enzymes. In particular, the two crystal structures of 2C9 seem to be quite dissimilar
with quite different shapes of the cavity and with extensive differences in the channels
to the active sites. It is likely that these differences are caused by the mutations
employed to enhance the crystallisation (especially for the 2C9o0 structure).’ The two
3A4 structures have similar shapes of the cavity, although they differ slightly in the
structure of the channels. However, it should be noted that two very recent structures
of 3A4 with bulky ligands show an increased volume of the active-site cavity.® This
indicates that binding of a ligand or the change of the buffer polarity may induce quite
large conformational changes in the cytochromes P450. However, this does not
change the general conclusion that the active-site cavity is filled with water, and we
can also visually identify the same channels in these two new structures as in the 3A4t
and 3A4w structures.
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Table 1. Data for the studied crystal structures.

2A6 2C8 2C90 2C9r 3A4t 3Ad4w
PDB code 1710  1PQ2 10G2 1R90 1TQN 1WOF
Reference 11 10 5 6 7 8
Resolution (A) 190 27 26 20 205 265
Number of independent subunits 4 2 2 1 1 1
Reported cavity volume (A% 1438 470; 600° 1386*  520°
Solvent-accessible volume (A3)° 83 441 484 8194 512 554
Water molecules in active-site cavity 0 2 5 3 20 10
Shortest Fe—water distance (A)e 83-85 75-90 2943 243 207 8.6
Shortest Fe—substrate distance (A) 3.1f 4.9¢

2 Volume calculated by VOIDOO.*
® Probe-accessible volume calculated by LIGSITE.*
¢ Calculated by the Pocket™ software.

4 The difference to the other structures is entirely caused by the parameters of the

calculation (how much of the channel is included in the cavity). If a probe radius of
1.8 A is used (instead of the default 1.4 A), the solvent-accessible volumes of 2CO9r

and 2C90 are exactly the same.

¢ A range illustrates the variation among the crystallographically independent subunits

f Coumarin substrate.

¢ Flurbiprofen substrate.
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Table 2. Number of water molecules found in the active-site cavity during the MD

simulations.
2A6  2C8 2C9% 2C9r¢ 3A4t 3A4w
Average 2 41 58 54 57 54
Minimum 2 24 35 44 25 31
Maximum 2 55 70 68 77 76
Standard deviation 0 6 6 5 9 8
Solvent-accessible volume (1&3)‘1l 83 441 484 819 512 554
Solvent-accessible volume (A3)® 197 711 520 797 717 419
Water volume (A3)° 60 1236 1740 1620 1703 1608

* Calculated by the Pocket™ software from the crystal structure.

® Calculated by the Pocket™ software at the end of the simulation.

¢ The average number of water molecules multiplied with the average volume of a
water molecule in bulk water, 30 A3,

4 Only structures for which the distal part of the active-site cavity (yellow in Figure 4)
is connected to the rest of the cavity (orange in Figure 4) are included in this analysis.
If all structures are included, the average, minimum, and standard deviation become

41, 20, and 11, respectively.
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Table 3. Distance of the water molecule closest to the haem iron ion in the MD

simulations (Fe—O distance in A).

2A6 2C8 2C9o 2COr 3A4t 3A4w

Average 5.0 3.6 33 34 34 3.6
Minimum 2.5 2.5 2.6 24 2.5 2.5
Maximum 9.1 6.0 54 59 4.6 52
Standard deviation 1.5 0.5 03 0.5 04 04
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Table 4. Number of water molecules exchanging through each channel during the MD

simulations. A “—” means the channel does not exist in that protein.

2A6 2C8 2C9% 2COr 3A4t 3A4w

pw2ac - — - 10 - -
pw2b - 2 - 29 19 11
pw2c - 4 14 - - -
pw2d - - - 29 - 1

pw2e - 5 - 18 26 19
pw2f - 2 1 0 - -
pw4 - - - — 1 -
pw5 - 8 4 - - -
solvent channel - — 29 39 11 0

Sum 0 21 48 125 57 31
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Figure 1. An illustration of the problem of defining the active-site cavity, using a
snapshot from the 3A4t simulation. Water molecules in the active-site cavity are
orange, those in side cavities are red, and those in channels connecting to the bulk are

black. The atoms of the haem group are brown.
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Figure 2. Schematic illustration of the definition of various cavity volumes. The van
der Waals volume is shown as a solid line, the molecular volume by a dotted line, and
solvent-accessible volume by a dashed line. The circles marked with an “S” are
examples of the solvent probe and the straight grey lines are schematic protein

residues.
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Figure 3. Distance distributions of the cavity water molecules. The number of water

molecules have been plotted against the distance from the iron ion (Fe—O distance).

The bars show the standard deviation in the snapshots from the MD simulations.
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Figure 4. Picture of the active-site cavities (orange) in a typical snapshot of each
protein. In 2C8 and 2COr, the active-site cavity is split into two parts and the distal
one is shown in yellow. The figures were created using VMD®' and PovRay.® The
molecular surface of the cavities was obtained from the cavity water molecules using
the SURF algorithm™ (with a probe radius of 2.0 A) as implemented in VMD. ¢!
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Figure 5. Channels (with names) observed in the various simulations. The channels
are coloured black (blue for pw2f in 2C90 and pw2ac in 2C9r). The active-site cavity
is orange (and yellow for the distal part in 2C8 and 2C9r) and the haem group is
atom-coded in blue, red, and green.
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Figure 6. The first equilibrated snapshot from each protein with water molecules

colour coded according to their RMSD during the simulations: <3 A —red, 3-7 A —
green, 7-15 A —blue,>15 A — black.
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