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ABSTRACT: Studies aimed at elucidating the unknown Mg>* bindingsite in protein farnesyltransferase (FTase)
are reported. FTase catalyzes the transfer of a farnesyl group to a conserved cysteine residue (Cyslp) on
a target protein, an important step for proteins in the signal transduction pathways (e.g., Ras). Mg>" ions
accelerate the protein farnesylation reaction by up to 700-fold. The exact function of Mg> " in catalysis and the
structural characteristics of its binding remain unresolved to date. Molecular dynamics (MD) simulations
addressmg the role of magnesium ions in FTase are presented, and relevant octahedral binding motifs for
Mg>" in wild- tzype (WT) FTase and the Df352A mutant are explored. Our simulations suggest that the
addition of Mg”" ions causes a conformational change to occur in the FTase active site, breaking interactions
known to keep FPP in its inactive conformation. Two relevant Mg*" ion binding motlfs were determined in
WT FTase. In the first binding motif, WT1, the Mg*" ion is coordinated to D352, zinc-bound D2978, two
water molecules, and one oxygen atom from the o- and f- phosphates of farnesyl diphosphate (FPP). The
second binding motif, WT?2, is identical with the exception of the zinc-bound D297 being replaced by a water
molecule in the Mg2+ coordination complex. In the DA352A mutant Mg>* binding motif, D2978, three water
molecules, and one oxygen atom from the a- and j3- phos;z)hates of FPP complete the octahedral coordination
sphere of Mg”>". Simulations of WT FTase, in which Mg>" was replaced by water in the active site, recreated
the salt bridges and hydrogen-bonding patterns around FPP, validating these simulations. In all Mg*"
binding motifs, a key hydrogen bond was identified between a magnesium-bound water and Cyslp, bridging
the two metallic binding sites and, thereby, reducing the equilibrium distance between the reacting atoms of
FPP Cyslp. The free energy profiles calculated for these systems provide a qualitative understanding of
experimental results They demonstrate that the two reactive atoms approach each other more readily in the
presence of Mg>* in WT FTase and mutant. The flexible WT2 model was found to possess the lowest barrier
toward the conformational change, suggesting it is the preferred Mg”" binding motif in WT FTase. In the
mutant, the absence of D352/ makes the transition toward a conformational change harder. Our calculatlons
find support for the proposal that D3528 performs a critical role in Mg*" binding and Mg*" plays an
important role in the conformational transition step.

Protein farnesyltransferase (FTase)' catalyzes the transfer of a
farnesyl group to a cysteine residue (Cyslp) on a CaaX motif
(a = aliphatic, X = Met) at or near the C-terminus of a protein
substrate (1, 2) (see Figure 1). Farnesylation is a critical step in the
posttranslational modification of the Ras family of proteins (3—7).
Mutations in these proteins are associated with almost 50% of
tumors in human colon carcinomas and 30% of human cancers. The
potential to prevent unmitigated cell growth by inhibiting mutant
Ras activity has made the FTase-catalyzed farnesylation reaction
the subject of numerous studies (2, §—24). Several FTase inhibitors
(FTIs) have entered different clinic trial phases (2, 25—31). FTase is
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a zinc metalloenzyme composed of two subunits, with the active
site located in a funnel-shaped cavity within the  subunit. Compu-
tational, kinetic, structural, and mutagenesis investigations have
revealed the nature of this active site. The two reacting atoms,
namely, C; of the substrate farnesyldiphosphate (FPP) and Sy of
Cyslp, are 7 A (see Figure 2) apart in the crystal structures of the
ternary complex (FTase—FPP—peptide substrate). The protein
substrate coordinates to the zinc ion through Sy of Cyslp, forming
a tetrahedral zinc complex along with the enzymatic residues
D2976, C2998, and H3628. The direct coordination of the
reactive sulfur atom to the zinc ion suggests that the zinc ion is
involved in the catalytic reaction (32). The exact nature of the
reaction pathway has been a source of debate. Recent kinetic
isotope effect (KIE) experiments by the Fierke (33) and Distefano
groups (20) have indicated that the reaction adopts an Sy2-like
associative pathway mechanism, with partial carbocation char-
acter (Sy1-like) in the transition state structure.

Mg®" ions have been found to enhance the rate of product
formation by ~700-fold without affecting the affinity of either
the peptide or FPP (34). The exact function of Mg>" ions has
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FIGURE 1: The FTase-catalyzed farnesylation reaction.

been a subject of recent interest and is not entirely understood. A
magnesium ion has been determined to be bound in the active
site, though the exact nature of its binding remains to be resolved
by structural analysis. Kinetic and mutagenesis experiments
performed by Fierke and co-workers (34), in conjunction with
crystallographic studies of FTase with Mn*" ions carried out by
Beese and co-workers (2), have provided insights into the char-
acteristics of Mg>" ion binding in the active site. It is widely
accepted that bound Mg”>" forms an octahedral complex with
negatively charged groups. In a proposed model, Mg>" coordi-
nates to a nonbridging phosphate oxygen of a- and S-phosphate in
FPP, the carboxylate side chain of D352, a carboxylic oxygen of
zinc-bound D2974, and a water molecule (34). D3524 has been
identified to be crucial for Mg>* ion binding in the active site, with
mutations (DB352A and D352K) diminishing the rate-enhancing
ability of Mg”*" ions. It has been proposed that the formation of a
D297p-bridged bimetal catalytic site helps to reduce the 7 A
distance gap between the two reacting atoms, bringing the enzyme
into a preorganized state for the chemical step. It is also thought
that Mg*" ions promote the farnesylation reaction by stabilizing
the developing negative charge on the diphosphate (PP;) leaving
group and increasing the carbocation character of Cl in the
chemical step.

Computational studies have aided in understanding the
FTase-catalyzed farnesylation reaction. Cui et al. have studied
the substrate binding and conformational activation of FTase in
the absence of Mg*" ions using MD simulations and free energy
sampling methods (17, 18). They found that the highly charged
binding pocket kept FPP*~ locked in an inactive conformation,
and the monoprotonated diphosphate group (FPP*") was the
only form of FPP that could activate the conformational transition
via rotation of the bond between the first two isoprenoid groups.
The Ramos group’s computational efforts to explain the so-called
“distance paradox” (35) agreed with the earlier Merz et al. study,
that conformational activation is attributed to the isoprenoid-
rotation mechanism. More recently, Klein and co-workers inves-
tigated the reaction pathway using a quantum mechanical/
molecular mechanical (QM/MM) approach (19). Their results
suggest that the reaction goes through “an associative pathway
with dissociative characteristics”, in agreement with experimental
observations. This study focused on the chemical step and did not
explore the prior conformational change in the system. However,
the system investigated, FTase/FPP*~ without Mg>", is a system
that is not capable of the necessary conformational change to
bring the two reactive centers into contact. Moreover, it is a system
that has not been observed experimentally because FPP*~ under
these conditions is likely protonated. Crucially, in all of the studies
reported to date the role of Mg>™ has not been examined, leaving a
large gap in our understanding of FTase activity under physiolog-
ical conditions. Nonetheless, previous studies have demonstrated
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FIGURE 2: Snapshot of the FTase active site from the initial structure.
Zinc is represented as a gray sphere. The black dashed line connects
the two reactive atoms, C; of FPP and Sy of the cysteine peptide
(Cyslp), andis greater than 7 A in length. Important side chain amino
acids are also labeled. Residues in the acand 3 subunit are labeled with
a and b; e.g., K164o and K294f are labeled as K164a and K294b,
separately.

the efficacy of computational methods in exploring FTase activity
and have opened the way to explore the catalytic reaction in the
presence of Mg*" ions.

In this paper we present a computational study aimed at
locating the Mg** binding site in FTase. We use MD simulations
and free energy calculation methods to elucidate the function of
Mg*" ions in the conformational transition step of the reaction.
The role of D352( in binding a magnesium ion in the active site is
also investigated in this study. We perform calculations on WT
FTase and the DA352A single mutant with FPP*~ and CVIM
peptide as substrates, in the presence of an active site bound Mg>"
ion. The DB352A mutation was examined in order to reproduce
and provide molecular level insights into experimental results. We
validate our simulations by replacing the active site bound Mg>"
ion with a water molecule and compare the results from this
simulation to previously published results. In the absence of crystal
structures of FTase with bound Mg*" ion in the active site, we
generate starting structures using a methodology successfully
utilized earlier by Merz (36) to identify CO, binding sites in
human carbonic anhydrase 1I. We start with several “educated”
guesses as starting structures for WT and mutant FTase/FPP*~/
Mg*" complexes based on experimental data. We then identify
relevant Mg®" binding motifs and investigate them using MD
simulations. We analyze our simulations for hydrogen-bonding
patterns and conformational changes across these motifs. We also
calculate the potential of mean force (PMF) for the conforma-
tional change in FPP for every motif. The results from our
investigations provide new insight into the role of Mg®" ions in
helping FPP undergo the conformational transition in the farne-
sylation reaction and the associated experimentally observed rate
enhancement. We identify a critical hydrogen-bonding pattern in
WT FTase and test the proposal for a D29743-bridged bimetallic
catalytic site. These simulations provide a physical basis for the
function of D3524 in FTase, both with and without magnesium
ions. On the basis of the results from our calculations, we propose
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FIGURE 3: Snapshots of the FTase active site and important hydrogen bond networks taken from different models. Mg>* (in green) and Zn>*
(in gray) ligand environments are shown as black dashed lines while hydrogen bonds are labeled as red dashed lines. Panels: top left, the 10 initial
Mg placements; top middle, WT1; top right, WT2; bottom left, WT3; bottom middle, MUT; bottom right, SWAP.

a novel model for Mg*" binding in the active site of FTase that can
be experimentally tested.

The following section of this paper introduces the computa-
tional methods used to study the FTase reaction. In this section,
we describe methods used to generate and investigate possible
Mg*" binding motifs. In Results and Discussion, we present our
analyses of the various systems. In the first part of this section, we
present the results from modeling mutant and WT FTase with
Mg*" ions. The second part of this section analyzes the results
from our simulation without bound magnesium in the active site.
In the third part of the section, we present the results from our
free energy calculations. Our conclusions from this study are
presented in Conclusion. We explain the impact of mutations on
the enzyme, and finally, we describe our proposed motif for Mg*"
binding in the FTase active site.

METHODS

Initial Structural Models. The starting structure of WT
FTase was generated using the protocol from a previous study of
the FTase reaction performed by Merz and co-workers (17). In
brief, the reactive form of FTase/FPP complexed with the
substrate peptide (acetyl-CVIM) was obtained by superimposing
two crystal structures (PDB codes 1QBQ and 1FT2). All crystal
water molecules were retained. The AMBER force field /f99sb by
Hornak et al. was applied to the system (37). Charged amino acid
chains were modeled in their normal protonation states at
physiological pH, and all histidine residues were treated as
neutral. At physiological pH, Cyslp has been found to be
deprotonated and was modeled as a thiolate (38). It was
coordinated to the zinc ion along with D2975, C2995, and
H362p from the protein. The zinc parameters previously derived
by Cui et al. were used for all zinc complexes reported in this

paper (39). The VDW parameters, e = 1.10 and r, = 0.0125 (40),
were used for zinc. The AMBER 10 suite of programs (4/) was
chosen for all molecular mechanics and MD simulations. FPP
was represented in its entirely deprotonated state, FPP*~, with 3
units of negative charge. The protonation of PP; leads to a loss of
Mg*" binding affinity (42), making FPP*~ unimportant for the
present study. The parameters used to model FPP were obtained
from the generic AMBER force field (GAFF) (43) for small
organic molecules. In addition, torsion parameters for the
farnesyl group developed by Merz and co-workers (/7) and
diphosphate parameters developed by Carson and co-workers
were used (44). The restrained electrostatic potential (RESP)
charges for FPP?~ were derived using the prescribed procedure
for the AMBER force field (45, 46). In accordance with the
procedure, a geometry optimization of FPP was performed using
density functional theory at the B3LYP/6-31G* level with
Gaussian 03 (47). The electrostatic potential derived atomic point
charges were then calculated at the HF/6-31G* level. Finally, the
atomic charges were derived following a two-stage RESP fitting
procedure.

Magnesium in FTase Modeling and MD. We examined
the FPP binding pocket for aspartic acid residues proximal to
PP;. D196a, D2974, and D352f were identified as potential
candidates for Mg®" ion binding. Based on experimental and
theoretical evidence, the sequence conserved D297 and D3528
residues were recognized as the most possible Mg®" binding
ligands. We created “guess” starting structures for our simula-
tions by positioning a magnesium ion at different sites within the
binding pocket (see Figure 3). In these structures, the Mg*" ion
was positioned close to negatively charged PP; and one of the
three candidate aspartic acid residues. Neighboring crystal
water molecules completed the octahedral coordination of the
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Mg*" ion. A total of 10 guess structures were produced. These
systems are referred to as FTase/FPP*~/Mg>" in the remainder
of this text. The AMBER default VDW parameters were used for
magnesium (¢ = 0.7926, ry = 0.8947) (48). Attempts to find such
binding structures using local enhanced sampling (LES) were
unsuccessful. This was likely caused by the significant charge on
the Mg*" ion.

Each FTase/FPP*~/Mg*" system was solvated in a periodi-
cally replicated truncated octahedral water box with each side of
the box at least 10 A away from the closest solute atom. The
three-site constraint TIP3P water model was employed (49), and
counterions were added to neutralize the net negative charge of
the system. Long-range electrostatic interactions were calculated
by the particle mesh Ewald (PME) (50) method. An 8 A cutoff
was used for the nonbonded interactions in real space, along with
a 1 A reciprocal space grid spacing. The SHAKE (57) algorithm
was applied to constrain the length of covalent bonds in which
hydrogen atoms were involved, and the translational movement
of the system was removed. A total of 5000 steps of steepest
descent minimization was carried out with a weak harmonic
positional restraint applied to the enzyme, substrate peptide, and
zinc complex, followed by a 5000-step conjugate gradient mini-
mization. Next, the system was heated to 300 K over 100 ps of
MD with 1 fs time steps for a canonical ensemble (NVT). The
temperature of the system was maintained using Langevin
dynamics with a 1 ps~"' collision frequency. All restraints were
released prior to data collection. A 6 ns MD trajectory for an
isobaric, isothermal ensemble (NPT) at 1 atm was propagated
with a 2 fs time step. Snapshots were saved every picosecond, and
the resulting trajectories from the last 4 ns of the simulation were
examined to validate reasonable Mg®" binding motifs. The
D2976-bridged Zn—Mg site binding motif featuring a bimetallic
catalytic site was artificially constructed by using an NMR
restraint to force D297 to displace one of the Mg*"-bound
water molecules in a D352f8-bound model. This motif was
investigated using the scheme described above.

DB352A4 Mutation. We prepared the DA352A mutant form
of FTase from the final snapshot of a successful D352 binding
Mg*" binding motif. All counterions and water molecules located
more than 6 A away from the substrate FPP*~ or Mg>" were
removed. D352/ was modified as an alanine, leaving D297p as
the only neighboring aspartic acid residue. This system is referred
toas MUT in this paper. The resulting MUT system was immersed
in a truncated octahedral box and neutralized with counterions.
The system was minimized to remove strain from the residue
modification. The MUT system was then simulated using the same
procedures described for WT FTase.

Mg>"|H>0 Switch Simulation. We removed the bound
Mg*" ion from the active site of a successful FTase/FPP*~/Mg*"
simulation to further validate our Mg>" bonding model. A
straightforward method was adopted wherein the coordinates
and velocity information of the bound Mg** ion and the oxygen
atom of a bulk water molecule, denoted HyOgyap, Were ex-
changed. The coordinates of the two HyOgy,p hydrogen atoms
were modified suitably, while their velocities were preserved. The
remaining parts of the system were untouched. The resulting
system is referred to as SWAP in the remainder of this paper. The
SWAP system was studied with the same MD procedure used for
WT FTase with active site bound Mg*" ion. Four nanoseconds
of equilibration followed by 4 ns of NPT MD simulations was
performed for this system.
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Potential of Mean Force Studies. We calculated the potential
of mean force (PMF) as a function of the distance between the
two reacting centers, namely, C; of FPP and Sy of the target
cysteine peptide, for the various systems investigated in this
study. In these calculations, the reactive atoms were “pulled”
from the crystal structure distance of 8.0—-4.5 A. A PMF
termination distance of 4.5 A was chosen based on the sum of
the van der Waals (VDW) radii of sulfur and oxygen in the
AMBER f99SB force field since sampling below this distance
would likely yield spurious results. We obtained the initial
structures for the umbrella sampling (52) calculations from a
MD scanning procedure driven by a large harmonic force. The
reaction coordinate (RC) was divided into 15 windows spaced
0.25 A apart. A harmonic potential of 20 kcal/(mol-A?) was
applied to each window during a 2 ns simulation with a 2 fs time
step. Data were collected every 5 steps after 1 ns of equilibration;
therefore, 10000 snapshots were saved for every window, and at
least 100000 points were stored for the following analysis. Longer
periods of sampling were performed in the regions near the
intermediate or transition barrier to improve the overlap between
adjacent windows. An increased force constant of 100
keal/(mol-A?) was used with 29 biasing potentials for systems
unable to sample the entire span of the RC. Grossfield’s weighted
histogram analysis method (WHAM) (53) program was used to
reconstruct the unbiased distribution of the reaction coordinate
and then extracted the free energy profile.

RESULTS AND DISCUSSION

FTase/FPP>~|Mg’" Modeling and Simulation. By
manually placing Mg>" into the FTase/FPP*~ ternary complex
at different locations, a series of Mg*" ion binding motifs in the
active site of WT FTase were generated. As described above,
these binding motifs were then validated using MD simulations.
In all, three possible Mg”" binding models were detected for WT
FTase and are displayed in Figure 3. All three candidate amino
acids, D196a, D352, and D297f, were found to be involved in
one or more of these schemes. A D2975-bridged bimetallic
catalytic site was observed in the first motif, in which the
Mg*" ion coordinated to two water molecules, an oxygen atom
from both phosphate groups of FPP, a single carboxylic oxygen
of D352, and a single carboxylic oxygen of D2974. In the second
Mg*" binding motif, the octahedral Mg”" binding site involved
two oxygen atoms from the FPP substrate with both the a- and -
phosphate groups contributing one oxygen atom each, a carbox-
ylate oxygen of D352f3, and three water molecules. In the third
motif, Mg>" was octahedrally coordinated to an oxygen atom of
the a-diphosphate of FPP, a carboxylate oxygen of D196a, and
four water molecules. These binding schemes will be denoted as
WTI1 (D3528 + D2976), WT2 (D352f), and WT3 (D196a),
respectively, in the remainder of this report.

The Mg>" ion binding in the active site was found to be
reasonable in all three cases via visual inspection. The bound
Mg”" ion in all motifs displayed octahedral coordination. Each
motif has at least one aspartate side chain participating, and all of
them were observed to have direct contacts with the diphosphate
oxygens. We found these binding motifs to be stable over 6 ns of
MD simulations. The distance between the reacting atoms (the
distance between Sy and C; = drc) for the three schemes was
calculated from their MD trajectories, and this term is used
throughout the report in this context. For the WT1 and WT2
binding motifs, the calculated average values of drc indicated
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that the distance between the reacting atoms reduced to below 6.5 A,
as compared to value of 7.2 A in the FTase/FPP*~ case in the
absence of magnesium ions. These results suggest that WT1 and
WT2 are structurally more favored than FTase/FPP*~ to move
the system from the resting state to a reaction-ready form with a
drc < 4.0 A. In contrast to WT1 and WT2, the computed drc
values for the WT3 binding motif showed the average distance
between the reacting atoms to have significantly increased to ~10 A
(~50% increase in length). The increased distance found in the
WT3 binding motif makes it less likely to transition to the chem-
ical step. In this motif, moreover, the involvement of only the
o-phosphate oxygen is inconsistent with the model proposed by
Fierke and co-workers (34, 42). Although the possibility of
D196a. being involved cannot be entirely ruled out, for the
purposes of this study, we chose to pursue the more probable
WTI and WT2 binding motifs.

D2976 and D352f are highly conserved residues, which
implies an important role for them in FTase chemistry. Muta-
genesis experiments have found D3524 to be essential for the 700-
fold increase in the rate of product formation associated with the
presence of Mg”" (34). The results from our simulations support
the assumption that the Mg®" in the active site makes a
contribution toward the conformational transition that closes
the 7 A gap between the reacting atoms and stabilizes the
developing negative charge on PP; in the chemical step. The
involvement of both a- and S-phosphate oxygen atoms in Mg>"
ion coordination is consistent with the experimentally proposed
model. We regard these motifs featuring the Mg*"—D3528
interaction as our best estimate of the Mg>" binding motifs in
the WT FTase/FPP’~/Mg>" system.

We observed similarities in the active sites of WT FTase across
both motifs. The active site conformation and interaction
patterns from simulations of WT1 and WT2 are shown in
Figure 3. A key hydrogen bond was identified between Cyslp
and a magnesium ion bound water molecule. The tetrahedral
coordination of the zinc ion was well preserved in both systems.
The bound Mg>" ion was found to form strong electrostatic
interactions with PP;, disrupting the previously existing
R2918—FPP*~ and K2945—FPP’~ salt bridge interactions.
Cui and Merz calculated a more than 5 kcal/(mol- A) free energy
penalty for breaking these salt bridge interactions, making the
conformational transition of FTase/FPP*~ energetically unfa-
vorable in the absence of Mg®" ions (I8). As a result of D354
approaching FPP*~ to form the Mg*" binding site, its adjacent
residue, positively charged K3534, also moves toward PP; and
forms a hydrogen bond to one of the f-phosphate oxygen atoms,
further stabilizing the leaving group during the chemical step.

Y3005 was observed to be important to the farnesylation
reaction based on mutagenesis experiments but was not found in
our earlier MD simulations to form clear interactions with the
resting state of FTase/FPP’~, while acting as a hydrogen bond
donor to PP, in the FTase/FPP*~ study. However, in this study, it
moves away from the PP; and provides a hydrogen bond to the
acetyl capping group, which can be viewed as further stabilizing
the peptide substrate. On the other hand, another positively
charged residue close to FPP*~, K164a, still forms a salt bridge
interaction with the a-phosphate oxygen. It is noteworthy that in
the previous FTase/FPP>~ PMF study the roles of K164a and
Y3003 were switched, with the lysine residue forming a hydrogen
bond with the capping acetyl group, while the tyrosine residue
formed a hydrogen bond with PP;. While their roles appear to
exchange depending on the active site environment and position
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along the reaction coordinate, ultimately, these two groups help
to stabilize the peptide and the phosphate during the chemical
step.

The two binding motifs differ in the function of zinc-bound
D2974. The WT1 binding motif is a D2974-bridged bimetallic
binding site, broadly similar to the model proposed by Fierke and
co-workers (34). The two metal ions are 3.3 A apart, and the
calculated equilibrium distance between the reacting atoms was
5.8 A, suggesting this binding scheme might be energetically
favored over WT FTase/FPP*~ >~ in the absence of Mg>" ions.
MD simulations of this motif found the distance between the
reactive atoms to fluctuate over a small range. This suggests that
the D297f bridge possibly constrains the system, making the
active site less mobile. Such a constrained environment would
make it harder for the reactive atoms to approach one another.
The WT2 binding motif does not contain the D2975-bridged
bimetallic catalytic site. A water molecule replaces D2970 in the
magnesium coordination complex, allowing the positively
charged zinc and magnesium ions to be separated by 5.1 A.
The reactive atom distances from MD simulations of this model
were found to fluctuate around 6.1 A. This suggests that the
hydrogen bond observed between Cyslp and a Mg*" ion bound
water molecule functions as a substitute bridge between the two
metal binding sites and helps to reduce the gap between the
reacting partners. The larger fluctuation in the WT2 dr ¢ suggests
amore flexible binding site, which will allow the reactive atoms to
reach a preorganized state essential for the chemical step.

In contrast to the model proposed by Fierke and co-workers,
D352 does not donate both oxygen atoms from its carboxylate
group to Mg>" in either binding motif for WT FTase. Instead,
only one oxygen atom participates. In order to test the possibility
of the Mg*"—D3528 double interaction scheme, tests were
conducted that forced Mg*" to establish a second interaction
to both D352f carboxylate oxygen atoms by applying a harmonic
force between the two atoms; however, a stable structure was not
observed.

DB352A Mutation and Mg |H,O Swap Simulation. In
the experimental mutagenesis study of DS352A in the presence of
Mg”" ions, an ~30-fold difference in the product formation rate
constant was observed. With Mg>" losing one of its favored
coordinating ligands, D352f, another candidate aspartic acid,
D297p, can be assumed to replace it in the magnesium coordina-
tion shell. A second series of MD simulations were carried out to
study the impact of this mutation and account for the nearly
2 kcal/mol increase in the free energy barrier. As previously
described, the WT2 motif was used as the starting structure for
this mutation. A new Mg”" binding scheme was observed and
was verified by MD simulations. The new binding motif was
found similar to the previous case of WT1. In this new motif, a
water molecule replaces D3528 to complete the Mg®"™ coordina-
tion sphere (see Figure 3), and D297 serves as a bridge residue
connecting the two metal binding sites together into what appears
as a bimetallic site. The two metal cations are separated by 3.4 A,
similar to the binding motif observed in WT1, but considerably
shorter than before the mutation (5.1 A for WT2). Itis interesting
that Mg”" binds to the sequence-conserved D2978 in the absence
of D3524.

Inside the catalytic pocket, several key hydrogen bonds are
well preserved, including those between K164a and the o-
phosphate of FPP, K3535 and f-phosphate, and Y3005 and
the capping acetyl group. To further stabilize PP;, several water
molecules surrounding it were found to form hydrogen bonds
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FiGURE 4: Calculated free energy profiles for the WT1, WT2, MUT, and SWAP systems.

with the free f-phosphate oxygen. H248( was observed to form a
hydrogen bond with Y3008 instead of PP, Interestingly, in
addition to the D297p-bridged bimetallic site, two Mg*"-bound
water molecules are now found to interact with the sulfur atom of
the peptide via a hydrogen bond, which helps to shorten drc. The
equilibrium value of dgc, however, increased from 6.1 Ain WT2
t0 6.5 A but was still considerably shorter than that of the resting
state of FTase/FPP* >~ without Mg”". Based on the different
equilibrium values of dg ¢ in the different FTase/FPP systems, the
difficulty of undergoing the conformational step prior to the
chemical steps was predicted to follow the order FTase/FPP>~
> MUT > WTI/WT2. The real trend, however, cannot be
determined without carrying out a series of PMF studies for
each of the systems using hybrid QM/MM methods covering
the entire length of the RC from ~8.0 A to the covalent
bonding distance of ~1.8 A. Such a study is currently under-
way in our laboratory.

A third set of MD simulations was carried out on the SWAP
system. In this system, the active site bound Mg>" ion was
exchanged with a bulk solvent water molecule in order to study
the impact of losing Mg>" in the active site of FTase. The ideal
result would be to relax to the FTase/FPP®~ starting structure in
the absence of Mg”". As expected, a binding pocket similar to
FTase/FPP®~ was obtained (see Figure 3). The key interactions
observed in the resting state of FTase/FPP>~ were largely
restored, including the hydrogen bond between H2484 and the
diphosphate, the salt bridge between K294/ and the S-phosphate
oxygen, and the double interaction between R291f and an o-
phosphate oxygen and the diphosphate bridging oxygen. These
interactions have been shown to “lock” FPP*~ in its conforma-
tional state and prevent it from undergoing a transition in its
conformation prior to the chemical step. At the same time,
D352 was found to move away from the FPP?~ substrate. In the
absence of Mg>", the Cyslp residue was found to move away,
leaving an equilibrium drc of ~7.4 A, similar to the global
minimum found for FTase/FPP*~ by Cui and Merz (18).

Potential of Mean Force (PMF) Studies. Computing the
free energy has not been a straightforward task in molecular
modeling and simulations. The main difficulty comes from the
inability of general MD simulations to overcome free energy
barriers and adequately sample the phase space in regions such as
transition or intermediate states. The implementation of special
techniques, for instance, umbrella sampling, allows for the study
of the free energy surface along a specified RC (D¢-s,). Fifteen
simulations were carried out with anchor points placed between
8.0and 4.5 A for WT2, MUT, and SWAP systems. To efficiently
sample the RC for WTI, a stronger bias was employed, and
trajectories were propagated at 29 anchor points.

We found that the inclusion of Mg>" into the active site altered
the free energy profile. For WTI, the global minimum shifted
from 7.4 A in FTase/FPP’~ to 5.8 A decreasing the distance
between the two reacting atoms by 1.8 A. The free energy profile,
however, suggests that this might not be the correct binding motif
for Mg*" in the active form of FTase. With steep increases in free
energy found on both sides of this equilibrium point, the system
appears to be locked into this minimum position, with the
reactive atoms unlikely to get closer. This, in association with
small fluctuations observed in the distance between the two
reactive atoms during MD simulations, leads to the conclusion
that the bridged bimetallic Zn*"—D2978—Mg*" active site in
WTTl s very rigid. In WT2, we found the global minimum shifted
t0 6.1 A, corresponding to a larger distance (by 0.3 A) between
the reacting atoms compared to WT1. Also, a second minimum
corresponding to an intermediate state was found around 5.0 A,
in a location similar to that for FTase/FPP*". The intermediate
itself has a free energy approximately 0.5 kcal/mol higher than
that of the resting state, and the free energy barrier for the
conformational transition is about 0.8 kcal/mol, slightly lower
than that observed for the FTase/FPP*~ system. With such a low
transition barrier and a flat energy profile, the approach of the
two reacting centers is facilitated. This is supported by dgc
distributions (see Supporting Information) extracted from the
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last 4 ns of the MD simulation; another observation supported by
the drc distribution map is the existence of a second minimum
under 5.5 A in addition to the global minimum. Moreover, the
free energy penalty for further shortening drc beyond the
intermediate state is significantly reduced from ~1.7 kcal/mol
(in FTase/FPP*7) to ~1.0 kcal/mol in WT2, meaning the two
reactive atoms can more readily approach each other in this
relatively flexible active site model. However, due to the possible
strong VDW clashes at distances close to 4.5 A, this finding needs
to be further explored by QM/MM PMF’s for distances shorter
than 4.5 A.

The PMF calculated for the D352A mutant found a global
minimum corresponding to a reactive atom distance of ~6.6 A,
0.5 A longer than that of WT2. From the MD simulation, the
equilibrium dg ¢ distance was found to oscillate around 6.6 A. An
intermediate state was not observed, and a much larger free
energy penalty, up to ~6 kcal/mol, was observed close to 4.5 A.
Experimental measurements suggested an approximately 30-fold
difference in the rate constant of product formation, meaning a
2 keal/mol higher free energy barrier than FTase/FPP>~ /Mg>".
Assuming that the difference can be entirely ascribed to the
conformational step, our observation of a 5 kcal/mol energy
difference (6 kcal/mol to ~1 kcal/mol) is too large. The difference
can be made up in the chemistry steps, but this has yet to be
determined. The free energy profile also shows that all regions
between 5.5 A and the resting state are accessible with only an
~1 kcal/mol free energy difference. Regardless, we find that the
Dp352A has a significant effect on the conformational step, and
itis left to be determined how it affects subsequent chemical steps.

Finally, a fourth PMF study was carried out on the SWAP
system that aimed to reproduce the free energy profile obtained
from the wild-type FTase/FPP*~ system in the absence of Mg*".
As expected, a similar free energy profile to the case of FTase/
FPP*~ without Mg*" was obtained. Comparing our plot (see
Figure 4) to that published by Cui and Merz (denoted as FTase/
FPP?~/CVIM), excellent agreement is found: both the 7.5 A
global minimum and the free energy jump beyond that point are
well reproduced. Overall, the agreement is quite good with only
minor differences observed. Hence, the present study recapitu-
lates our earlier effort and further confirms the reasonableness of
our active site model for Mg*" bound to FTase.

CONCLUSION

We modeled and validated several FTase active site magne-
sium binding schemes using MD simulations and classical PMF
studies with umbrella sampling. Three possible active site models
were observed for wild-type FTase/FPP*~/Mg>" (see Figure 3),
but only one was consistent with all available experimental
information. In this motif, WT2, Mg*" adopts an octahedral
coordination formed with an oxygen atom from both o- and /-
diphosphate, a carboxylate oxygen from D3524, and three water
molecules (see Figure 3). The involvement of zinc ion bound
D2978, creating a bridged bimetallic catalytic site, is not found to
be a reasonable option for Mg”" binding in FTase/FPP*~ /Mg*".
An interesting hydrogen bond formed between a magnesium ion
bound water molecule and Cyslp was detected, which contri-
butes to the reduction of drc. DB352A/FPP*~/Mg”" was also
simulated, and a single active site model emerged for this system
as well (see Figure 3). Free energy calculations show that Mg**
ions allow the reacting atoms to approach each other more
readily. Our simulations show that WT FTase/FPP*~/Mg*" and
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the MUT systems both have resting states (6.1 and 6.5 A,
respectively) with a significantly shortened equilibrium drc relative
to FTase/FPP*~ (7.4 A) but they experience different free energy
profiles beyond this point. With a free energy difference of less than
1 kcal/mol from the resting state to the lower end of our PMF study
at4.5 A, the whole RC range is accessible for the WT FTase/FPP*~
Mg*" system. This ready accessibility, over the entire RC range,
supports the isoprene-rotation mechanism for the conformational
transition. On the other hand, a nearly 6 kcal/mol free energy
penalty from the resting state to 4.5 A makes the approach of FPP*~
to the target cysteine residue much more difficult for the mutant.

Introducing Mg*" into the FTase/FPP*~ active site is prob-
ably the only way in which FPP*~ can approach the peptide
substrate bound to the zinc ion. The highly charged binding
pocket has been shown to freeze FPP in its conformation in
FTase/FPP*~ in the absence of Mg*", preventing the transition
required before the chemical step. With Mg®" included, the
resting state is significantly perturbed, and the free energy barrier
for the conformational transition is dramatically reduced. Bind-
ing of Mg”" in FTase/FPP*~ pulls the diphosphate away from
the positively charged pocket observed in the FTase active site,
especially R2918 and K2948. Mg>" compensates for the lost salt
bridge interactions by coordinating to both the a- and -diphos-
phate oxygen atoms. K164a is “locked” into an interaction with
an oxygen from the a-phosphate even with Mg®" binding to
FTase, regardless of whether D352 was mutated or not, in
accordance with the experimental evidence that this interaction is
important for stabilizing the diphosphate leaving group during
the chemical step. When Mg>" was swapped out of the active site
with a bulk water molecule, we were able observe the relaxation
back to the resting state for F"ofase/FPP3_ in the absence of Mg*"
with a drc minimum of 7.5 A. Moreover, key hydrogen bonds
between the diphosphate and residues like H2484, R291p, and
K2948 were re-formed, implying that Mg>" is indeed the sole
reason for the conformational transition.

Through the use of classical simulations we have identified the
elusive Mg®" binding state in FTase/FPP*~, thereby setting the
stage for further experimental and theoretical studies aimed at
further understanding the catalytic mechanism of this fascinating
and important enzyme.
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