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Abstract

Background—Cytochrome P450 sterol 14a-demethylase (CYP51) is an essential enzyme for
sterol biosynthesis and a target for anti-parasitic drug design. However, the design of parasite-
specific drugs that inhibit parasitic CYP51 without severe side effects remains challenging. The
active site of CYP51 is situated in the interior of the protein. Here, we characterize the potential
ligand egress routes and mechanisms in Trypanosoma brucei and human CYP51 enzymes.

Methods—We performed Random Acceleration Molecular Dynamics simulations of the egress
of four different ligands from the active site of models of soluble and membrane-bound T. brucei
CYP51 and of soluble human CYP51.

Results—In the simulations, tunnel 2 f, which leads to the membrane, was found to be the
predominant ligand egress tunnel for all the ligands studied. Tunnels S, 1 and W, which lead to the
cytosol, were also used in T. brucei CYP51, whereas tunnel 1 was the only other tunnel used
significantly in human CYP51. The common tunnels found previously in other CYPs were barely
used. The ligand egress times were shorter for human than T. brucei CYP51, suggesting lower
barriers to ligand passage. Two gating residues, F105 and M460, in T. brucei CYP51 that
modulate the opening of tunnels 2 f and S were identified.
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Conclusions—Although the main egress tunnel was the same, differences in the tunnel-lining
residues, ligand passage and tunnel usage were found between T. brucei and human CYP51s.

General Significance—The results provide a basis for the design of selective anti-parasitic
agents targeting the ligand tunnels.

Sterol 14a-demethylase; CYP51; Cytochrome P450; Random acceleration molecular dynamics;
Membrane-bound protein; Ligand access and egress

1. Introduction

The sterol 14-a demethylase (CYP51) enzyme plays an important role in sterol biosynthesis
[1]. The inhibition of this enzyme has been used as a strategy to develop anti-fungal drugs
and, more recently, anti-parasitic drugs [1-7]. As a member of the cytochrome P450 (CYP)
superfamily, eukaryotic CYP51 has features that are found in many CYPs, including: (1)
embedding in the membrane via immersion of part of its globular domain and a single
transmembrane helix, (2) a buried active site which requires the substrates and products to
enter and exit from the active site through ligand tunnels, and (3) the need for electrons to be
transferred from the redox partners for the catalytic cycle. However, distinct features of
CYP51 compared to other CYPs have been observed in experiments and in molecular
dynamics (MD) simulations. These features include high substrate specificity, binding site
rigidity, different open tunnels between the active site and the protein surface, and plasticity
of the two heme propionate groups [1,8,9]. Because of CYP51's potential as a target for anti-
parasitic drug design, it is important to study these features of CYP51.

We have previously built and simulated a model of membrane-bound T. brucei CYP51 in a
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer based on a crystal
structure of the globular domain of T. brucei CYP51 [8]. The mapping of ligand tunnels that
have been found in other CYPs to the model of the membrane-bound T. brucei CYP51 are,
according to Wade's nomenclature [10]: tunnel 2a (between the F-G loop, B-B’ loop and
1-1 sheet) and tunnel 2 f (between the A’ and F” helices and the tip of the B4 hairpin)
which lead to the membrane, and tunnels 1 (between the C, D, H and L helices), 2b
(between the B-B’ loop and the f1-2 and p1-4 sheets), 2c (between the G and I helices and
the B’-C loop), 2 ac (between the B’ helix and G helix), 2e (through the B-C loop), S (the
solvent tunnel, between the F and | helices and the 4 hairpin) and W (the water tunnel,
between the C helix, the B-B’ loop and helix K” of the heme bulge segment) which lead to
the solvent (Figs. 1, S1 and S2).

Tunnels 2 f, S and W have been shown to be open to a probe with a radius of 1.4 A,
corresponding to the size of a water molecule, in standard MD simulations of T. brucei
CYP51 [8]. However, it is challenging to simulate ligand egress in a feasible time in
standard MD simulations. In order to make the simulation of ligand egress computationally
possible, the random acceleration molecular dynamics (RAMD) simulation method was
developed [11,12]. In RAMD simulations, an external, randomly oriented force is applied to
the center of mass of the ligand to accelerate the ligand exit. As a result, the ligand is able to
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exit the active site on the time scale of a few hundreds of ps to a few ns and a large number
of trajectories can be generated to explore alternative egress routes and mechanisms. RAMD
has been applied to a wide range of proteins (e.g. [13-15]), including haloalkane
dehalogenases for which it served to guide the engineering of tunnels to the active site to
improve enzymatic activity [16]. RAMD has been successfully used to study the ligand
egress pathways of many soluble forms of CYPs, including P450cam, CYP2B1, CYP2C5,
CYP3A4, CYP2E1L, CYP2A6 and CYP2C9 and membrane-bound forms of CYP19
[11,12,17-28]. The preferred ligand tunnels in these simulations are mostly the family 2
tunnels, including 2a, 2b, 2c, 2e and 2 ac. These are all lined by the B-C loop. Because of
the distinct features of CYP51 compared to the other CYPs, it is interesting to study the
ligand egress routes in CYP51, especially in the membrane-bound form. Thus, we here
perform RAMD simulations to study how different ligands enter and egress from the active
site of T. brucei CYP51, considering both soluble and membrane-bound forms of the
protein. We also perform comparative simulations for the soluble form of human
CYP51,which has 34% overall sequence identity and 52% sequence similarity to T. brucei
CYP51,with 50% sequence identity in the binding site cavity (residues within 5 A of a
ligand bound in the active site).

We consider the binding of four different compounds, representing different types of ligand:
two inhibitors, one substrate and its product. The two inhibitors studied have had the
structures of their complexes with T. brucei CYP51 determined crystallographically. One is
a well studied azole compound, N-[(1R)-1-(2,4-dichlorophenyl)-2-(1 H-imidazol-1-
yl)ethyl]-4-(5-phenyl-1,3,4-oxadiazol-2-yl)benzamide (VNI), which is potent against
trypanosomal CYP51 while having low cytotoxicity and not inhibiting human CYP51 [1].
The other is the sterol derivative, 14a-methylenecyclopropyl-A7-24,25-dihydrolanosterol
(MCP), which shows inhibition against all protozoan CYP51s [5]. The substrate studied,
obtusifoliol (OBT) (4a,14-dimethyl-5a-ergosta-8,24(28)-dien-3p-ol), is an established
substrate of both T. brucei and human CYP51s [29], and the product, with the 14a-methyl
group removed, is 84a-methyl-5a-ergosta-8,14,24 [28]-trien-3p-ol (OBT_DM). The
structures of these four compounds are shown in Fig. 2. We carried out RAMD simulations
of ligand egress for models of membrane-bound and soluble T. brucei CYP51 for all four
compounds. For comparison, simulations of ligand egress were performed for soluble
human CYP51 for the substrate, OBT, and product, OBT_DM.

The simulations allow us to specifically address the following questions: Can the tunnels in
CYP51 that are open in standard MD simulations be used by inhibitors, substrates and
products to enter and exit the active site? Are different ligand tunnels used in the soluble and
membrane-bound forms? Which residues gate and modulate the opening and closing of the
ligand tunnels? How do ligand egress and the ligand tunnels differ between T. brucei CYP51
and human CYP51?

2. Materials and methods

2.1. Preparation of structures of the protein-ligand complexes

The models of soluble and membrane-bound T. brucei CYP51 were based on the crystal
structure of ligand-free T. brucei CYP51 (PDB id: 3G1Q [1]). The model of membrane-
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bound ligand-free CYP51 in a lipid bilayer of 602 POPC molecules was built from this
crystal structure using a protocol combining coarse-grained and all-atom simulations as
described in [8,30]. The coarse-grained simulations were performed to find the predominant
orientation of CYP51 above the membrane and the all-atom simulations were then
performed to refine the membrane-bound model and investigate the dynamics of the system
with this predominant orientation. The models of soluble human CYP51 were based on the
crystal structure of human CYP51 (PDB id: 3LD6, [31]) from which the ligand was
removed.

To enable comparison of simulation results for different ligands, all the complexes of
soluble T. brucei CYP51 with ligands were built using the structure of ligand-free T. brucei
CYP51. This could be done because of the similarity of the binding site shape in the crystal
structures of T. brucei CYP51 in unliganded and liganded form (For example, the Ca
RMSD between the crystal structures of ligand-free and VVNI-bound T. brucei CYP51 is ca.
0.75 A [1]). This procedure meant that possible artifacts in the simulations due to small
differences in the protein structures in the crystal structures could be avoided. The
coordinates of the inhibitors VNI and MCP were generated by superimposing the binding
site of the ligand-bound crystal structures (PDB id: 3GW9 [1] and 3P99, [5]), respectively,
on to the binding site of the ligand-free CYP51. Structures (sdf files) of the substrate (OBT)
and product (OBT_DM) were downloaded from PubChem (CID 65252 and 443,237),
respectively. These compounds were positioned in the active site of T. brucei CYP51 so as
to adopt a similar orientation to MCP, which is a sterol-like inhibitor, and so that their site of
metabolism was positioned next to the heme center.

For the models of membrane-bound T. brucei CYP51, ligand coordinates were generated by
superimposing the last snapshot from equilibration (see below) of the corresponding soluble
ligand-bound models onto the binding site of the refined model of ligand-free membrane-
bound T. brucel CYP51.

For the human CYP51, the coordinates of the substrate (OBT) and product (OBT_DM) were
generated by superimposing the OBT-bound and OBT_DM-bound structures of T. brucei
CYP51 onto the crystal structure of human CYP51 with the ligand removed.

2.2. Parameterization of the systems for simulation

The ff99SB force field for the protein and the general Amber force field (GAFF) for the
ligands and POPC phospholipids [32] were used [33], along with the TIP3P model [34] for
water. The parameters for the ferric heme center were assigned as in [30,35]. The partial
atomic charges of the four ligands were derived from Hartree-Fock 6-31G* ab initio
calculations and restrained electrostatic potential fit (RESP) on the R.E.D server [36-38].
The force field parameters of VNI were derived without considering its coordination
through a nitrogen atom with the heme iron as we wanted to explore the binding and
unbinding of this compound, see also section 3.4. Other parameters were derived with the
Antechamber program of AmberTools12 [39]. The AMBER parameter files are given in the
Supplementary Information.
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2.3. Standard molecular dynamics simulations

Simulations of soluble models were performed with the Amber11 and Amber 12 software
[39,40]. Those of the membrane-bound models were performed with NAMD?2.9 due to its
better computational performance for these larger systems [41]. The same protonation,
solvation, minimization and equilibration procedures as described in ref. [8] were used.
These resulted in protein-ligand complexes modeled at pH 7 solvated in an octahedral box
of water molecules and neutralized with counterions (soluble models) or embedded in a
bilayer and solvated in a rectangular box of water molecules neutralized in 150 mM NaCl
(membrane-bound models).

Short production runs of 2-15 ns (see Table 1) were performed before the RAMD
simulations in order to generate starting coordinates for the RAMD simulations. The
parameters of the simulations were the same as those validated and used previously [8,30]
unless otherwise stated and the reader is referred to these references for details. In all
simulations, all bonds to hydrogen atoms were constrained with the SHAKE algorithm [42].
For the soluble models, the non-bonded cutoff was set to 12 A. Production runs were
performed with a time step of 1 fs. Langevin dynamics was used to maintain the temperature
at 300 K and isotropic position scaling kept the pressure at 1 bar. For the membrane-bound
models, the non-bonded cutoff was set to 10 A. Production runs were performed with a time
step of 1.5 fs. In the production run, Langevin dynamics and the Nosé-Hoover Langevin
Piston method with a surface tension of 60 dyn/cm applied to the lipid bilayer plane were
used to maintain the temperature at 310 K and the pressure at 1 bar.

An additional 12 ns standard MD simulation of OBT_DM in the membrane in the presence
of T. brucei CYP51 was performed directly after one RAMD simulation, in which the ligand
exited via tunnel 2 f and entered the membrane at the end of the simulation. The last
snapshot of the RAMD simulation was taken as the starting structure with all the velocities
and periodic box information from that RAMD simulation. The production run was then
performed directly with the same parameters as standard MD simulations of membrane-
bound models of T. brucei CYP51. The new simulation of only OBT_DM in the membrane
was started from the snapshot at 7.5 ns of the 12 ns simulation after the RAMD simulation
and a 7.15 ns production run was directly performed with CYP51 removed from the system.

2.4. RAMD simulations

Random acceleration molecular dynamics (RAMD) as implemented in NAMD2.9 was used
to study the ligand egress pathways from the buried active site of CYP51 [11,12,17,18,20].
The systems simulated and number of trajectories generated are given in Table 1. The same
parameters as in the standard MD simulations were used for the RAMD simulations except
that the pressure in the simulations of soluble CYP51 was controlled by a Berendsen
barostat at 1 bar, for consistency with previous applications of RAMD, and a time step of 2
fs was used. An external acceleration of magnitude 0.035 kcal/A.g was applied in a random
direction on the ligand. The distance traveled by the ligand was monitored at 100 fs (50
steps with a time step of 2 fs) time intervals. If the distance traveled was greater than a pre-
defined minimum threshold, the direction of the force was maintained. If not, the direction
of the force was changed to another randomly chosen direction. For each system studied, 30
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RAMD trajectories were run with a threshold of 0.025 A and 30 RAMD trajectories with a
threshold of 0.050 A. When the accumulated distance traveled by the ligand was greater
than the distance between the active site and the exterior of the protein, defined as 30 A for
soluble models and 40 A for membrane-bound models, the RAMD simulation was
terminated. If the ligand did not exit within 2 ns, the trajectory was stopped. For each model
studied, the last snapshot from the equilibration and one snapshot from the production run
(at 500 ps for the soluble models, 15 ns for the membrane-bound VNI- and MCP-bound
models, 3.75 ns for the membrane-bound OBT-bound model and 3 ns for the membrane-
bound OBT_DM-bound models) were used as initial structures for performing RAMD
simulations. Two different snapshots were used for RAMD simulations for each system so
that any sensitivity of the RAMD results to starting structure could be checked.

2.5. Analysis

The concatenation and analysis of the trajectories were performed with the cpptraj tool of
AmberTools12 [39]. The trajectories were visualized in VMD1.9 [43]. The figures were
made with VMD, PyMOL [44] and Maestro [45]. To plot the ligand 2D structures, the
SMILES identifiers of VNI and MCP were taken from the PDB structures (PDB id: 3GW9
and 3P99) and those of OBT and OBT_DM from the PubChem database.

3. Results and discussion

3.1. Tunnel 2f is the predominant ligand egress route observed in RAMD simulations

For all four ligands (VNI, MCP, OBT and OBT_DM) in both soluble and membrane-bound
forms of T. brucei CYP51, the 2 f tunnel was found to be the predominant ligand exit tunnel
in the RAMD simulations (Fig. 3). The 2 f tunnel is open in the crystal structures of parasitic
CYP51s and was proposed to be the major ligand tunnel of the CYP51 family [1,46]. We
found that the 2 f tunnel widened transiently to allow the ligands to exit from this tunnel and
that this widening was facilitated by the flexible movements of the residues at the 2 f tunnel
entrance.

Tunnel 2 f was also found to be the predominant ligand tunnel in simulations of soluble
models of human CYP51 (Fig. 4). However, differences in the passage of the ligands
through tunnel 2 f in T. brucei CYP51 and human CYP51 are apparent from the much
shorter exit times of the ligands in the RAMD simulations of human CYP51 with OBT and
OBT_DM, than for T. brucei CYP51 (Figs. 5 and S3). For the substrate (OBT), average
egress times were lower by a factor of about 8, for the product (OBT_DM), they were lower
by a factor of about 3. The quick exit of ligands from the active site of human CYP51 by
tunnel 2 f indicates less hindrance to the passage of ligands into and out of the human
CYP51 active site in comparison to T. brucei CYP51. The catalytic rate for OBT is ca. 5
fold quicker for human CYP51 than T. brucei CYP51 in vitro (Fig. 6 of ref. [4]). Fast ligand
access and egress in human CYP51 may contribute to the fast catalytic rate.

The tunnel entrance residues of tunnel 2 f are shown in human and T. brucei CYP51 in Fig.
6, The conformation of the F-G loop region differs which results in the 2 f tunnel in T.
brucei CYP51 being more closed than in human CYP51, see Fig. S4. In the F-G loop region,
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the crystal structures show that both proteins have an F” helix whereas T. brucei CYP51 has
a G’ helix but human CYP51 does not. This difference could contribute to the quicker exit
via the 2 f tunnel of human CYP51. Furthermore, there are differences in the residues lining
the tunnel which may affect ligand gating of tunnel 2 f (see section 3.4).

3.2. Tunnels 1, S and W In T. brucei CYP51, and tunnel 1 in human CYP51 are additional
egress routes in RAMD simulations

Tunnel 1, tunnel S and tunnel W were observed to be ligand egress routes in the simulations
of T. brucei CYP51 but were used much less often than tunnel 2 f (Fig. 3). The other tunnels
(2a, 2b, 2c, 2d, 2e, 2 ac) were only rarely observed to be ligand egress routes. All the ligands
showed exits through tunnel W in T. brucel CYP51 but the likelihood of this tunnel serving
as a ligand tunnel in vivo is very low because the entrance of this tunnel is on the proximal
side which is proposed to be the binding interface of the cytochrome P450 reductase [47].
Binding of the reductase would affect the dynamics of the proximal side of CYP51 and
would block or hinder ligand egress through tunnel W, though the tunnel may still be
sufficiently open to permit passage of water molecules. In the simulations of soluble human
CYP51 however, tunnel W was not used at all and neither was tunnel S (Fig. 4). Tunnel 1
was often used. Of the other tunnels, only tunnel 2a was occasionally used.

The differences in the use of tunnels S and W for ligand egress is consistent with the tunnel
opening observed in standard MD simulations of T. brucei and human CYP51 as revealed
by analysis with CAVER in Fig. 5 of ref. [8]. In the CAVER analysis, the percentage of the
simulation in which each of the tunnels was open to a water-sized probe sphere was
monitored. Tunnel 2 f was overall the most open tunnel in the standard MD simulations of
the two CYP51s. Tunnel W and tunnel S were mostly open in the simulations of T. brucei
CYP51 whereas Tunnel W was found to be closed and tunnel S to be barely open (< 10%) in
the simulation of human CYP51. Thus, both the RAMD and the standard MD simulations
show different tunnel usage in human CYP51 in comparison to T. brucei CYP51.

Tunnel S has been proposed to be used for the passage of water molecules and was found to
be open in standard MD simulations of other CYPs, including CYP2C9, CYP3A4 and
CYP2D6 [30,48,49] and in RAMD simulations of human aromatase (CYP19) [25]. Tunnel
1, on the other hand, has only rarely been observed as a ligand exit tunnel in standard MD
simulations [10] and RAMD simulations [11]. However, the fact that tunnel 1 was used in
the RAMD simulations of both CYP51s, and rather often in the soluble model of human
CYP51 shows the potential of tunnel 1 to serve as a ligand tunnel. Interestingly, in the
crystal structure of Mycobacterium tuberculosis H37Rv CYP51 (PDB id: 2VKU), the bis(4-
hydroxyphenyl) methanone ligand (with coordinates for two alternative positions) is trapped
in the middle of tunnel 1 (Fig. S1) [50]. This suggests that tunnel 1 can potentially serve as a
ligand exit tunnel although in this crystal structure, the opening of tunnel 1 results from the |
helix being kinked towards the distal side (away from heme). In the RAMD simulations, this
large conformational change of the | helix was not needed to allow the ligands to exit from
tunnel 1. The three residues of the kinked region are relatively well conserved with “AGQ”
in T. brucei and human CYP51 and “AGH” in M. tuberculosis CYP51 (Fig. S2). However,
the Ca atoms of the I helix residues lining tunnel 1 (residue numbers 278-283) showed
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similar dynamics in standard simulations [8] and in RAMD simulations in which a ligand
egressed by pathway 1 with root mean squared deviations (RMSD) of less than 1.5 A from
initial positions.

3.3. Ligand passage from the active site to the membrane is observed through the 2f

tunnel

In the model of membrane-bound T. brucei CYP51, tunnel 2 f leads to the membrane
bilayer. Of the tunnels used in the RAMD simulations, it is the only one leading to the
membrane bilayer. Tunnel 2 f is open in the standard simulations of all the systems
simulated but is notably wider open in the model of membrane-bound CYP51 (see Fig. S4B
showing a ca. 4 A greater distance between the F” and G’ helices and the A’ helix).
Surprisingly, the association of T. brucei CYP51with the membrane resulted in longer
average exit times of all four ligands through tunnel 2 f than for the soluble form of the
protein in the RAMD simulations (Fig. 5). Thus, it is harder for the ligands to egress through
tunnel 2 f into the membrane in the membrane-bound protein than into aqueous solvent in
the soluble form of the protein. However, in almost 95% of the egress trajectories via tunnel
2 f in the membrane-bound form, the ligands entered the membrane after leaving the protein.
For the other egress events via tunnel 2 f, the tunnel entrance widening was accompanied by
large conformational changes enabling the ligands to enter the solvent next to the
membrane. Thus, for the membrane-bound form, ligand egress via tunnel 2 f is
predominantly into the membrane.

The crystal structure shows that the hydrophilic head of the sterol-derivative MCP in the
active site faces towards the membrane. This means that when the sterol-derivative ligands
enter the membrane from the protein, the ligands have the hydrophilic head pointing towards
the middle of the bilayer. In the RAMD simulations, the hydrophilic head first interacts with
the lipid head groups and then penetrates into the middle of the bilayer so that the ligand is
in the opposite orientation to the phospholipids with their polar head groups on the bilayer
surface (Fig. 7A). Ligand reorientation would be necessary for the ligand to exist in the
membrane. This could potentially occur in the protein or in the membrane although it is not
excluded that sterols may exit the CYP51 active site directly into the active site of the next
enzyme in the sterol biosynthetic pathway, particularly since no detectable intermediates are
present in the membranes if the pathway is not blocked. We did not observe any large
reorientation of the ligand in the protein despite the enhanced sampling of ligand positions
due to the RAMD force. To investigate whether such reorientation in the membrane was
possible, an additional standard MD simulation with the natural product OBT_DM in the
membrane in the presence of the protein was performed starting from the end snapshot of a
RAMD simulation that had resulted in ligand egress to the middle of the membrane through
the 2 f tunnel. In this simulation, after ca. 6.5 ns, OBT_DM rotated roughly 100° and
changed its orientation from hydrophilic head down in the middle of the bilayer to up
towards the head-group layer. This orientation is similar to that of the POPC phospholipids
(Fig. 7B). A further simulation (of 7.15 ns length) without the protein allowed the OBT_DM
to orient in the same way as the phospholipids. After 150 ps, it had positioned its
hydrophilic head in the head group region of the bilayer (Fig. 7C) and it kept this orientation
for the rest of the simulation. These results suggest that the substrates of CYP51 can come
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from the membrane before the catalytic reaction and, as products, re-enter the membrane
afterwards (via tunnel 2 f), and reorient for the next step in their enzymatic processing.

3.4. Tunnel entrance residues may play important role in ligand specificity

T. brucei and human CYP51 differ in their substrate and inhibitor specificity. For example,
VNI is a potent inhibitor of T. brucei CYP51 but has little inhibitory effect on human
CYP51 [3]. Figs. 5, S3 and S5 show that the four ligands studied differ in their egress times
and in their usage of the different tunnels.

VNI on average exits notably faster than the other three ligands through tunnel 2 f of T.
brucei CYP51 (Fig. 5). It also exits faster through most of the other tunnels (Fig. S5), These
observations may initially seem surprising as the azole ring of VNI coordinates the heme
iron atom at the sixth position. However, this strong N-Fe bonding was intentionally omitted
in our model so that we could explore how the ligand could pass from the active site to the
protein exterior and from this perhaps also gain insights into the (reverse) binding process.
VNI's faster egress may be because of its greater flexibility as it is the only ligand studied
that does not have a steroid ring system. It may also be due to its different interactions with
the protein as it is more polar than the other ligands studied, which are very hydrophobic. In
T. brucei CYP51, the product OBT_DM tends to exit quicker along tunnel 2 f than the
substrate, OBT (Fig. 5). The lack of the 14-methyl group in OBT_DM may reduce steric
hindrance to ligand egress through tunnel 2 f in T. brucei CYP51. On the other hand, the
egress times for OBT_DM in human CYP51 tend to be slightly longer than for OBT. The
wider opening of tunnel 2 f in human CYP51 than T. brucei CYP51 (Fig. S4) may mean, not
only that ligand egress generally proceeds much faster, but also that ligand egress is less
sensitive to the removal of a methyl group in the product.

The differences in ligand specificity between T. brucei CYP51 and human CYP51 may in
part result from differences in the entrance residues of tunnel 2 f which are not conserved in
the two proteins, as shown in Fig. 6. The secondary structure of the F-G loop region differs
in the two proteins and the F-G loop region of T. brucei CYP51 is closer to the A’ helix
region than the human CYP51 (Figs S4E and F). The entrance residues of tunnel 2 f are F48
(A’ helix), V77 (31-2), P210, V213 and F214 (F” helix) in T. brucei CYP51 and F77 (A’
helix), F105 ($1-2), H236, W239 and L240 (F” helix) in human CYP51.

The entrance residues of tunnel 1 (Fig. 8) are better conserved than those of tunnel 2 f (Fig.
6). These residues are Q126, F129 and M284 in T. brucei CYP51 and Q155, M158 and
M304 in human CYP51.When ligands exit from tunnel 1, both F129 in T. brucei CYP51 and
M158 in human CYP51 need to undergo large side chain conformational changes to allow
ligand passage via tunnel 1. However, conformational change of a flexible aliphatic side
chain, such as M158 in human CYP51, can be expected to be easier than that of an aromatic
sidechain, such as F129 in T. brucei CYP51. These differences in side-chain dynamics may
result in ligand exit more often and with shorter egress times from tunnel 1 in human CYP51
than in T. brucei CYP51 (Figs. 3,4, S3 and S5). A clear difference between the four ligands
studied in terms of ligand egress times or frequencies via tunnel 1 was not detected in either
CYP51.
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The entrance residues of tunnel S are shown in Fig. 9. These residues are well conserved in
T. brucei and human CYP51. However, tunnel S is used in T. brucei CYP51 but not in
human CYP51. This difference is not due to the tunnel entrance residues but the relative
openness of the tunnel. Tunnel S was found to be mostly closed in human CYP51 but to be
open in T. brucei CYP51 in standard MD simulations as shown in ref. [8]. In T. brucei
CYP51, egress was observed via the solvent channel more often in the membrane bound
form. Moreover, it was distinctly more common for the product, OBT_DM, than for the
substrate, OBT, and for the inhibitor VNI. This indicates that the solvent tunnel may act as a
route for product to exit into the cytosol.

Tunnel W was used in T. brucei CYP51 but is not considered as a ligand tunnel because
tunnel W leads towards the interface between CYP51 and the cytochrome P450 reductase.
Tunnel W is not conserved in T. brucei and human CYP51 (Fig. 10). Tunnel W was not
used in human CYP51. The entrance residues of tunnel W in human CYP51 are more polar
than those in T. brucei CYP51 (Fig. 10). This can make it more difficult for ligands of
CYP51, which are normally hydrophobic ligands, to exit in human CYP51 than in T. brucei
CYP5L1. In standard MD simulations, tunnel W was found to be open in T. brucel CYP51
and closed in human CYP51 [8]. Egress through tunnel W in T. brucei CYP51 tended to
occur fastest for VNI, possibly because its greater flexibility facilitated manoeuvring past
the heme and through the tunnel.

3.5. Residues F105 and M460 gate the 2f and S tunnels in T. brucei CYP51

The tunnel through which ligand egress was most often observed in the RAMD simulations
of T. brucei CYP51 was tunnel 2 f. Tunnel 2 f was open at the beginning of the RAMD
simulations but not wide enough for the large ligands studied to exit. The closest tunnel to 2
fis tunnel S. Tunnel S was initially closed (Fig. 11 A and B). During ligand exit, tunnel 2 f
opened wider or tunnel S opened from the closed conformation (Fig. 11 C and D) to allow
exit of the ligands.

By analyzing the RAMD trajectories, we found two residues (F105 in the B’ helix and
M460 in the B4 hairpin) that played an important role in the opening of these two tunnels in
T. brucei CYP51 and can be considered the gating residues of these two tunnels. Long
distances between these two residues correspond to open tunnels that can accommodate the
entrance and exit of the ligands. They may help to keep the ligands in the active site during
the catalytic reaction by interacting with each other, see Fig. 12.

F105 is leucine in fungi and animals and isoleucine in T. cruzi and M460 is leucine in fungi
[5]. In human CYP51, F105 is substituted by leucine (L134) whereas methionine is
conserved at the M460 position (M487). Comparison of the 1105F mutant with the wild-type
T. cruzi CYP51 [51] showed that the mutation altered substrate preferences and that the
catalytic rate of T. cruzi CYP51 for OBT increased 60-fold upon mutation to phenylalanine
at position 105 to a rate close to that of T. brucei CYP51. Moreover, the catalytic rate for
OBT was close to that of L. infantum and plant Sorgum bicolor CYP51s ((Fig. 6 of ref. (4)),
both of which have phenylalanine at position 105, like all Leishmania and plant CYP51
orthologs [51], The fungal C. albicans CYP51 and the human CYP51, which both have
leucine at position 105, have catalytic rates for OBT and other sterol substrates that are ca. 5
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fold faster than T. brucei CYP51 (Fig. 6 of ref. [4]). Interestingly, the T. brucei F105L
mutant shows a broader substrate binding profile than the wild-type, more similar to human
and C. albicans CYP51 (GL, unpublished data). Residue 105 lines the active site and these
data show its importance for interacting with and orienting ligands, and thereby
distinguishing substrates based on their methylation at the C4 position. Our results suggest
that residue 105 can further affect catalysis by gating of the active site and affecting ligand
passage.

In the RAMD simulations, the distance between F105 and M460 increased sharply upon
ligand egress through tunnel 2 f in T. brucei CYP51 whereas the corresponding distance
between L134 and M487 in human CYP51 did not change upon ligand egress through
tunnel 2 f (Fig. S6). This difference in gating may contribute to the quicker egress of ligands
from human CYP51 than from T. brucei CYP51. In our RAMD simulations, the concerted
movement of the side chains of F105 and M460 in T. brucel CYP51 can result in either
tunnel 2 f or tunnel S opening for ligand passage (Fig. 9 B and D), depending on the
directions of the side chain conformational changes. Because tunnel 2 f leads to the
membrane and tunnel S leads to the solvent, these two gating residues can determine
whether the ligands are released into the membrane or into the solvent.

4. Conclusions

The egress pathways of four ligands (two inhibitors, VNI and MCP, a substrate, OBT, and
its product, OBT_DM) from the buried active site of T. brucei CYP51 and of OBT and
OBT_DM from that of human CYP51 were studied with RAMD simulations. By simulating
ligand egress, we find that the preferred exit route of the ligands is via tunnel 2 f in both
soluble and membrane-bound forms of T. brucei CYP51 and in the soluble form of human
CYP51. In the RAMD simulations of T. brucei CYP51, tunnels 1, S, and W are also
observed to serve as egress routes for the ligands to the solvent but are much less frequently
observed than tunnel 2 f. For human CYP51, ligand egress through tunnels S and W was not
observed in any of the simulated trajectories. However, tunnel 1 was used more often in
human CYP51 than in T. brucei CYP51, suggesting that tunnel 1 may serve as a ligand
tunnel to the solvent in human CYP51. The use of tunnel 1 is supported by the crystal
structure of Mycobacterium tuberculosis CYP51 which shows one ligand trapped in tunnel
1.

The tunnel entrance residues may contribute to the ligand specificity of T. brucei CYP51
and human CYP51. The substitution of F129 in T. brucei CYP51 by M158 in human CYP51
may facilitate ligand passage through tunnel 1 in human CYP51. In T. brucei CYP51, the
binding site residues, F105 and M460, can act as gating residues of tunnel 2 f and tunnel S.
They can not only modulate the opening of the two tunnels but also modulate whether the
ligands should go to the membrane or the solvent. In human CYP51, F105 is substituted by
a leucine which may affect access to tunnel S and reduce gating of ligand passage along
tunnel 2 f.

Although the membrane resulted in a more open tunnel 2 f in T. brucei CYP51, the RAMD
egress times tended to be longer than in the model of the soluble protein, possibly because
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the membrane slowed protein and ligand motion. In all the simulations of membrane-bound
models of T. brucei CYP51, the ligands preferred tunnel 2 f as the exit tunnel and entered
the membrane after leaving the protein. Therefore, in CYP51, the results suggest that the
substrates come from the membrane and the products can go back to the membrane after the
catalytic reaction, where they are available as substrates for other membrane-bound enzymes
in the sterol biosynthetic pathway.

In previous standard MD simulations, we have observed similar flexibility of the T. brucei
and human CYP51 enzymes in terms of computed B-factors [8]. Although some differences
in tunnel opening were observed in standard simulations, the present RAMD simulations
permitted a much more complete sampling of ligand tunnels. Despite the application of a
small artificial force, our analysis shows that the differences observed between T. brucei and
human CYP51 in RAMD simulations are related to differences in their sequences. The
simulations described here thus map out the potential ligand egress routes and their
differences between the T. brucei and human CYP51 and between the soluble and
membrane-bound T. brucei CYP51. They provide a basis for future detailed calculations of
the free energy barriers of the tunnel gates and the free energy profiles for ligand passage
through the different tunnels. They could also be complemented by longer simulations to
sample the long timescale conformational dynamics of the membrane-bound proteins.
Despite its limitations, the combination of standard and RAMD simulations employed here
provides new insights that contribute to understanding the ligand access and egress
mechanisms of CYP51. The analysis of tunnel entrance residues show differences between
T. brucei and human CYP51 which may help to guide the design of parasite-specific
inhibitors.
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CYP cytochrome P450

MCP 14a-methylenecyclopropyl-A7-24,25-dihydrolanosterol
MD molecular dynamics

OBT obtusifoliol

OBT_DM 14a-demethylated obtusifoliol

PDB Protein data bank
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POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
RAMD random acceleration molecular dynamics
VNI N-[(1R)-1-(2,4-dichlorophenyl)-2-(1 H-imidazol-1-yl)ethyl]-4-(5-
phenyl-1,3,4-oxadiazol-2-yl) benzamide
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Fig. 1.
Model of membrane-bound ligand-free T. brucei CYP51 [8]. The important tunnels defined

in Wade's nomenclature are labeled (orange). The protein is shown in cartoon representation
with the B-C loop colored purple, the F-G loop red and the helices labelled. The heme
(cyan) and the POPC bilayer (purple) are shown in stick representation.
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Fig. 2.
Chemical structures of the four ligands studied colored according to atom type. VNI: N-

[(1R)-1-(2,4-dichlorophenyl)-2-(1 H-imidazol-1-yl)ethyl]-4-(5-phenyl-1,3,4-oxadiazol-2-
yl)benzamide; MCP: 14a-methylenecyclopropyl-A7-24,25-dihydrolanosterol, OBT:
obtusifoliol, OBT_DM: 14a-demethylated obtusifoliol.
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Fig. 3.

Tt?e tunnels by which the four ligands are observed to exit from T. brucei CYP51 in RAMD
simulations. The usage of the tunnels is given as a percentage of the 60 RAMD simulations
performed for each system. Simulations were run for models of (A) soluble and (B)
membrane-bound T. brucei CYP51.
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Fig. 4.
The tunnels by which the ligands, OBT and OBT_DM, are observed to exit from human

CYP51 in RAMD simulations. The usage of the tunnels is given as a percentage of the 60
RAMD simulations performed for each system. The simulations were run for a model of the
soluble human CYP51.
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Average Exit Time (ps)

354+340 484+295

The times required for the four ligands to egress through tunnel 2 f in T. brucei CYP51
(blue: soluble model, red: membrane-bound model) in each RAMD trajectory. Each symbol
represents the result of one RAMD trajectory and the average exit times of all simulations
with exit through tunnel 2 f are given below the x-axis in ps. Times obtained in RAMD
simulations are expected to be much shorter than the real exit times but their relative values
indicate the extent to which ligand egress from the active site is hindered; longer average
times correspond to higher barriers to ligand egress.
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Fig. 6.

Cgmparison of the entrance residues of tunnel 2 f of T. brucei CYP51 (in complex with
MCP, PDB ID: 3P99 [5]) (A, B) and human CYP51 (in complex with the inhibitor,
ketoconazole, PDB ID: 3LD6 [31]) (C,D). Ligands and heme cofactor are shown in stick
representation in yellow and green, respectively. The B-C loop is in magenta and the F-G
loop in red. The tunnel entrance residues are labeled in italic and important secondary
structures are labeled in bold. Each protein is shown in two orientations for clarity.
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Fig. 7.
The change in orientation of OBT_DM in the membrane upon exit from T. brucei CYP51.

(A) At the end of a RAMD simulation of T. brucei CYP51, the OBT_DM was orientated
with its hydrophilic head down in the middle of the bilayer. (B) After a subsequent standard
MD simulation of 6.5 ns, OBT_DM had changed its orientation in the membrane by about
100° so that its hydrophilic head pointed up towards the lipid head groups. (C) A further
subsequent simulation without the protein starting with the snapshot of (B) allowed the
hydrophilic part of OBT_DM to orient in the head group regions of the phospholipid bilayer.
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Only the head groups of the POPC bilayer are shown for clarity. OBT_DM is shown in CPK
representation and T. brucei CYP51 is shown in cartoon representation.
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Fig. 8.
Comparison of the entrance residues of tunnel 1 of T. brucei CYP51 (PDB ID: 3P99) (A,B)
and human CYP51 (PDB ID: 3LD6) (C,D). Representation as in Fig. 6.
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Fig. 9.
Comparison of the entrance residues of tunnel S of T. brucel CYP51 (PDB ID: 3P99) (A,B)
and human CYP51 (PDB ID: 3LD6) (C,D). Representation as in Fig. 6.
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Fig. 10.
Comparison of the entrance residues of tunnel W of T. brucei CYP51 (PDB ID: 3P99) (A,B)

and human CYP51 (PDB ID: 3LD6) (C,D). Representation as in Fig. 6.
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Fig. 11.
Tunnel opening during egress of the ligand MCP from T. brucei CYP51. The protein is

shown with a solvent accessible molecular surface representation. The heme is shown in
stick representation (cyan carbons) and the ligand MCP is also in stick representation (violet
carbons). The F-G loop is shown in red and the B-C loop in purple. (A) First snapshot of a
RAMD trajectory with tunnel 2 f open. (B) Snapshot from the same trajectory at 132 ps
showing that tunnel 2 f has opened wider to allow the MCP to exit. (C) First snapshot of
another RAMD trajectory with the tunnel S closed to a 1.4 A radius probe. (D) Snapshot
from the same trajectory at 902 ps showing that tunnel S has opened wide enough to allow
MCP to exit. The white space below the heme cofactor shows the open tunnel W.
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A
| F105  M460

Fig. 12.
Reorientation of the gating residues of tunnel 2 f and tunnel S, F105 and M460, in T. brucei

CYP51 during egress of the ligand, MCP. The side chain orientations of F105 and M460 are
shown before (A) and during (B) ligand exit via tunnel 2 f and before (C) and during (D)
ligand exit via tunnel S. The secondary structure is shown in yellow and the heme in cyan.
Different views of the corresponding snapshots with a surface representation of the protein
are shown in Fig. S4A-D.
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