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Farnesyltransferase—New Insights into the Zinc-Coordination Sphere
Paradigm: Evidence for a Carboxylate-Shift Mechanism
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ABSTRACT Despite the enormous interest that has been devoted to the study of farnesyltransferase, many questions
concerning its catalytic mechanism remain unanswered. In particular, several doubts exist on the structure of the active-site zinc
coordination sphere, more precisely on the nature of the fourth ligand, which is displaced during the catalytic reaction by
a peptide thiolate. From available crystallographic structures, and mainly from x-ray absorption fine structure data, two possible
alternatives emerge: a tightly zinc-bound water molecule or an almost symmetrical bidentate aspartate residue (Asp-2978). In
this study, high-level theoretical calculations, with different-sized active site models, were used to elucidate this aspect. Our
results demonstrate that both coordination alternatives lie in a notably close energetic proximity, even though the bidentate
hypothesis has a somewhat lower energy. The Gibbs reaction and activation energies for the mono-bidentate conversion, as
well as the structure for the corresponding transition state, were also determined. Globally, these results indicate that at room
temperature the mono-bidentate conversion is reversible and very fast, and that probably both states exist in equilibrium, which
suggests that a carboxylate-shift mechanism may have a key role in the farnesylation process by assisting the coordination/
displacement of ligands to the zinc ion, thereby controlling the enzyme activity. Based on this equilibrium hypothesis, an
explanation for the existing contradictions between the crystallographic and x-ray absorption fine structure results is proposed.

INTRODUCTION

Protein farnesyltransferase (FTase) is a zinc metalloenzyme,
comprised of two nonidentical subunits (¢ and ), that
catalyzes the addition of isoprenoid farnesyl, from farnesyl
diphosphate (FPP), to a cysteine residue of a protein sub-
strate containing a C-terminal, CAAX motif, in which C is
the cysteine that is farnesylated, A is usually an aliphatic
amino acid, and X is the terminal amino acid, normally
methionine, serine, alanine, or glutamine (Goodman et al.,
1990; Reiss et al., 1990, 1991, 1992; Moores et al., 1991).
Known substrates for FTase include H-, N-, K-Ras proteins,
nuclear lamins A and B, the vy-subunit of heterotrimeric
G-proteins, centromeric proteins, and several proteins in-
volved in visual signal transduction (Zhang et al., 1996).
The discovery that Ras proteins are modified by the
farnesyl group, and most of all, the finding that such an
alteration is critical for the oncogenic forms of these proteins
to transform cells (Hancock et al., 1989; Jackson et al., 1990;
Kato et al., 1992), has promoted widespread interest in pro-
tein farnesylation, because mutant Ras proteins have been
implicated in ~30% of all human cancers (Dolence and
Poulter, 1995; James et al., 1996; Takai et al., 2001). Several
farnesyltransferase inhibitors (FTIs) have been undergoing
clinical trials for the treatment of cancer (Johnston, 2001;
Ayral-Kaloustian and Salaski, 2002; Ohkanda et al., 2002),
and some are already in an advanced stage of clinical testing
(Ayral-Kaloustian and Salaski, 2002; Ohkanda et al., 2002;
Huang and Rokosz, 2004; Wiesner et al., 2004). More than
100 patents describing FTTs have been published since 2000
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(Huang and Rokosz, 2004). A few recent studies have also
suggested FTIs as alternative drugs in the treatment of some
diseases caused by pathogens, such as malaria (Chakrabarti
et al., 2002; Wiesner et al., 2004) and the African sleeping
sickness (Ohkanda et al., 2004), and as antiviral agents
against a broad diversity of viruses that use prenylation, by
the host FTase, in key aspects of their own life cycles, which
includes a large set of medically important viruses but also
several potential agents of bioterrorism (Bordier et al., 2003).

Despite the enormous curiosity surrounding FTase re-
search, a significant amount of uncertainties regarding the
catalytic mechanism remains. Even the active-site zinc coor-
dination sphere is not exactly defined. It is known that the
zinc ion is located in the B-subunit, near the subunit interface
(Park et al., 1997) and that it is coordinated by residues Asp-
2978, Cys-2998, and His-3623 (Dolence et al., 1997; Kral
et al., 1997; Park et al., 1997; Fu et al., 1998; Tobin et al.,
2003). However, despite the high number of crystallographic
structures currently available, doubts exist on the exact
nature of the fourth ligand, although it is known that it
coordinates through a low Z-atom (nitrogen or oxygen), and
that the bond length is approximately within a 2.0-2.2-A
interval (Tobin et al., 2003). This feature is of particular im-
portance for an atomic level understanding of the farnesy-
lation mechanism, because it is this specific ligand that is
displaced, during the catalytic reaction, by the CAAX motif
cysteine residue from the protein substrate. Furthermore, it is
this ligand that subsequently regenerates the zinc environ-
ment by replacing the product (or intermediate) (Huang et al.,
1997; Tschantz et al., 1997; Long et al., 2002; Tobin et al.,
2003) in the zinc coordination sphere, although closing the
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catalytic cycle still requires the entrance of an additional FPP
substrate molecule (Tschantz et al., 1997).

From the reported crystallographic structures (Park et al.,
1997; Long et al., 1998; Dunten et al., 1998), and particu-
larly from recent x-ray absorption fine structure (EXAFS)
studies (Tobin et al., 2003), two likely possibilities emerge.
The first alternative suggests that a water molecule, seen in
the 1FT1 crystallographic structure (Park et al., 1997) (the
structure without a peptide substrate with a highest resolu-
tion) at 2.74 A from the Zn®" ion, is actually at a much
smaller distance, and coordinates zinc. Within a classical
view of the problem, this water molecule would be replaced
by the peptide substrate during the reaction, subsequently
returning to its place, after the chemical step has taken place,
a mechanism extremely common in zinc enzymes (Vallee
and Auld, 1990; McCall et al., 2000).

The other hypothesis suggests that residue Asp-29783
(with reported Zn-O bond lengths in the 1FT1 structure of
2.00 and 2.56 A) is in reality an almost symmetrical
bidentate ligand. In light of this theory, Asp-2978 would
change from bidentate to monodentate (carboxylate shift),
with the entrance of a CAAX substrate, changing back to
bidentate with product (or intermediate) release from the zinc
coordination sphere. This could imply an effective mecha-
nism by which the enzyme would facilitate the nucleophilic
addition during the prenylation reaction (Tobin et al., 2003).

Even though over the last few years some very interesting
results with inhibitors have been obtained (Ayral-Kaloustian
and Salaski, 2002; Ohkanda et al., 2002; Huang and Rokosz,
2004; Wiesner et al., 2004), a detailed knowledge on the
farnesylation mechanism of the natural substrates of this
enzyme is absolutely vital for the rational design and de-
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velopment of more specific enzyme inhibitors, with in-
creased activity and potential value in the treatment of
cancer, malaria, sleeping sickness, or even of infections
caused by some viruses. However, some key points in the
mechanism remain unexplained. The exact nature of the
fourth ligand in the zinc coordination sphere is currently one
of the most fundamental doubts, because the two possibil-
ities for its identity imply completely different enzymatic
mechanisms. Therefore, solving this fundamental dilemma
represents a major step in the path toward mastering the
FTase activity.

In this study, we have tried to unveil some key features of
the farnesylation mechanism, using high-level theoretical
calculations, focusing mainly on the zinc’s coordination
sphere paradigm. The two hypotheses presented above were
analyzed using two models of different sizes (see Fig. 1):
a smaller active-site model, including the zinc ion and all the
residues directly coordinated, and a larger model, which also
includes, in a second layer, all the residues within the active
site that directly interact with the first coordination sphere
of the metal atom, namely through hydrogen bonds. It is
well known that enzymes are capable of generating a highly
anisotropic environment, and that specific interactions orig-
inated by such an environment are usually important for their
catalytic effect. The inclusion of a second layer was done
with the purpose of accounting for those specific anisotropic
interactions and for the mechanical restrictions of the en-
zyme environment on the first coordination sphere of the zinc
ion.

Globally, the results seem to indicate that the bidentate
hypothesis is the most stable. Additionally, the small ener-
getic difference observed between the two coordination

FIGURE 1 Farnesyltransferase enzyme.
Representation of the 1FT1 crystallographic
structure (Park et al., 1997), with major
emphasis being given to the two models
considered in this study.
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alternatives, together with the vanishing energetic barrier
determined for the conversion from mono to bidentate,
points to a reversible and fast coordination interchange at
room temperature, and possibly to the existence of the two
states in equilibrium. These aspects are of the uttermost
importance to the prenylation reaction indicating that the
Asp-297f carboxylate group performs a vital function, via a
carboxylate shift mechanism. This carboxylate shift allows
the coordination of new ligands to the zinc (changing from
bidentate to monodentate) and/or the displacement of ligands
(changing from monodentate to bidentate). As a result, the
enzyme overall activity is modulated by the carboxylate shift
mechanism.

METHODOLOGY
Smaller model
Minima determination and characterization

Calculations were performed on an active site model (smaller model)
including the zinc ion and all its ligands (Asp-2978, Cys-2998, His-362f3,
and water). Conventional modeling of the amino acid side chains was used,
that is, the zinc ligands aspartate, cysteinate, and histidine were modeled by
acetate, methylthiolate, and imidazole, respectively. The validity of this type
of approach has been demonstrated before with great success in the
mechanistic study of several different enzymes (Siegbahn, 1998; Melo et al.,
1999; Ryde, 1999; Fernandes and Ramos, 2003a,b; Lucas et al., 2003;
Pereira et al., 2004). Models were prepared starting from the 1FT1 structure
(Park et al., 1997), the crystallographic structure of FTase without a peptidic
substrate, or an inhibitor with the highest resolution (2.25 A).

The geometry of the model was first freely optimized rendering a structure
with a monodentate Asp-297f3 ligand and a water-bound zinc ion (Minimum
1). The water molecule was subsequently removed and the geometry was
reoptimized, leading to a structure with an almost symmetrical bidentate
Asp-2978 ligand. Afterwards, a water molecule was inserted at a 2.74-A
distance from the zinc atom, as reported in the 1FT1 crystallographic struc-
ture, and the geometry was again reoptimized, resulting in a structure with an
Asp-2978 bidentate ligand and a water molecule nonzinc coordinated. This
third optimization was by far the most delicate, frequently rendering the
same monodentate structure with a zinc-bound water as obtained for
Minimum 1. To avoid the risk of being trapped in local minima several
starting structures were tested, leading to two different minima (Minima 2
and 3). These starting structures were prepared by changing the orientation
of the water molecule in relation to the zinc atom, while keeping the same
Zn-water initial distance (2.74 A). No geometric constraints were imposed
on any of the calculations. All calculations were performed using the
Gaussian 03 software package (Frisch et al., 2003).

This study makes use of the density functional theory with the B3LYP
functional (Lee et al., 1988; Becke, 1993). Density functional theory calcu-
lations have been shown to give very accurate results for systems involving
transition metals (Ziegler, 1991), particularly when using the B3LYP func-
tional (Bauschlicher, 1995; Holthausen et al., 1995; Ricca and Bauschlicher,
1995). For zinc complexes, the superior accuracy of the B3LYP functional
in comparison with Hartree-Fock and second-order Moller-Plesset pertur-
bation theory has also been previously demonstrated (Ryde, 1999). Optimi-
zations were carried out using the SDD basis set, as implemented in
Gaussian 03 (Frisch et al., 2003). This basis set uses the small core quasi-
relativistic Stoll-Preuss (SP) electron core potentials (also known as
Stuttgart-Dresden) (Dolg et al., 1987; Andrae et al., 1990) for transition
elements. For zinc, the outer electrons are described by a (311111/22111/
411) valence basis specifically optimized for this metal and for use with the
SP pseudopotentials. C, N, and O atoms are accounted by a (6111/41)
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quality basis set, whereas S and H atoms are treated respectively by
a(531111/4211) and a (31) quality basis sets. The high-performance of SP
pseudopotentials in calculations involving transition metals compounds,
particularly within closed-shell systems, has been previously demonstrated
(Frenking et al., 1996). The final electronic energies were calculated using
the all-electron 6-311+G(2d,2p) basis set. Zero-point corrections, thermal,
and entropic effects (' = 310.15 K, P = 1 bar) were added to all calculated
energies.

The effect of the environment was evaluated by using a polarized
continuum model, the IEF-PCM model, as implemented in Gaussian 03
(Cances et al., 1997; Mennucci and Tomasi, 1997; Cossi et al., 1998, 2002).
This model has been shown to give better results for solvents with low
dielectric constants than the alternative model C-PCM (Cossi et al., 2003).
This feature is of particular importance to the study of enzymatic catalysis
because the use of a continuum model is normally taken as an approximation
to the effect of the global enzyme environment in a reaction, having been
shown in previous studies on active sites in proteins (Blomberg et al., 1998;
Siegbahn, 1998; Siegbahn et al., 1998) that an empirical dielectric constant
(¢) of 4 gives generally good agreement with experimental results, and
accounts for the average effect of both the protein and buried water mole-
cules. In this study, IEF-PCM calculations were done primarily using ether
as solvent (¢ = 4.335) in an attempt to reproduce the enzyme global
environment. IEF-PCM calculations were later extended to water (¢ =
78.39), because in FTase the active site is known to be located in a crevice,
with significant access to solvent in the absence of the peptide substrate.
Previous studies have demonstrated that the effect of the continuum in
geometries is, in general, rather small, even in charged systems (Fernandes
et al., 2002; Fernandes and Ramos, 2004). Therefore, in all PCM calcu-
lations, it was assumed that gas-phase geometries could be transferred
without the introduction of significant errors. Energies, within the continuum
model, were also calculated using the 6-311 + G(2d,2p) basis set, and zero
point corrections, thermal, and entropic effects (7' = 310.15 K, P = 1 bar)
were added to all calculated energies as well.

Transition states

A scan along the Zn-water oxygen distance was performed, starting from the
monodentate-optimized structure (Minimum 1), using B3LYP/SDD. From
the electronic energy chart, three minima connected by two transition states
were identifiable. The regions on the potential energy surface closer to
the maxima were further rescanned at narrower distance intervals, and the
maximums subsequently obtained were used as starting guesses to find
the correspondent transition states. The two transition state structures were
subsequently optimized freely. Frequency analyses were performed at each
stationary point on the potential energy surface. Therefore, all minima and
transition states were verified taking in account the number of imaginary
frequencies. The minima were confirmed as being the coordination alterna-
tives previously obtained (Minima 1, 2, and 3). The final electronic values
were calculated using the all electron 6-311 + G(2d,2p) basis set, and zero-
point corrections, thermal, and entropic effects (310.15 K, 1 bar) were added
to all calculated energies. IEF-PCM calculations for ¢ = 4.335 and & = 78.39
were further applied to both transition states.

Conformer X

A previous analysis of the active site geometries on a significant number of
zinc enzymes highlighted that most of the structures with a water molecule
and a carboxylate group in the first-coordination sphere adopt a very par-
ticular geometry, where the water molecule establishes a very strong hy-
drogen bond with the free carboxylate oxygen (Chakrabarti, 1990; Ryde,
1999). However, in FTase, contrary to what has been reported for the other
enzymes, available crystallographic structures and preliminary calculations
indicated that an eventual free carboxylate oxygen would point not to the
water molecule, but precisely in the opposite direction, rendering a very
different geometry. Nonetheless, in this study, such a coordination hypo-
thesis for FTase was evaluated. A model was built starting from the smaller
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model optimized geometry with a zinc-bound water molecule (Minimum 1).
The initial structure was prepared by rotating the carboxylate group around
the zinc-carboxylate bond. The obtained minimum was named Conformer
X. Optimization and energy calculations, in gas phase and in continuum
(¢ = 4.335 and ¢ = 78.39), were performed as previously described for
the alternative conformers.

Larger model
Minima determination and characterization

Enzymes have highly anisotropic charge distributions, which confers them
the ability to attain very specific stabilizing effects. These features are not
always perfectly described by a continuum model, taking into consideration
that such a model is, by nature, isotropic. In an attempt to address this
problem, a significant enlargement of the model size was made, within a two-
layers ONIOM approach (Dapprich et al., 1999; Vreven and Morokuma,
2000), as implemented in Gaussian 03.

Calculations were performed on a 127-atoms active site model (desig-
nated ‘‘Larger model’’), based on an 8-A cut around the zinc atom in the
IFT1 structure. The overall procedure described for the minima de-
termination in the smaller model was again used. The inner layer (layer H)
included 22 atoms, in conformity with the smaller model presented in the
previous section. The outer layer (layer L) included 105 atoms, comprising
atotal of five complete residues (Gly-2983, Tyr-3008, Asp-352f3, Ser-357f3,
and Tyr-3618). The inner layer was treated with B3LYP/SDD, in analogy
with the calculations already described for the smaller model. In the
treatment of the outer layer, the semiempirical method PM3 (Stewart,
1989a,b, 1991) was used. There are not many semiempirical or molecular
mechanics methods parameterized for metals. An evaluation of the
applicability of PM3, AM1, and MNDO/d to the study of zinc complexes,
and organometallic compounds containing Zn>", clearly confirms PM3 as
the most accurate of these three methods (Brauer et al., 2000). Moreover, it is
known that the final energy is not very sensitive to the refinement of a correct
geometry (Fernandes and Ramos, 2003a,b). Final energy values were
determined using B3LYP/6-311+G(2d,dp) in the inner layer, and B3LYP/
6-31+G(d) in the outer layer. Zero-point corrections, thermal, and entropic
effects (T = 310.15 K, P = 1 bar) were added to all calculated energies.

In Gaussian 03, the use of the ONIOM with IEF-PCM model is not yet
possible. However, an ONIOM calculation is based on several distinct
calculations that can be done separately. Given the overall structure of our
model, it would be expected that the inclusion of a dielectric constant would
mainly alter the value for the first partial energy, that is, the one determined
with the lower-theoretical-level method for the entire system. The inner layer
interacts mainly with the outer layer, not with the solvent. Therefore, by
keeping the second and third partial energies (as obtained in the gas phase)
and recalculating in continuum the energy for the entire system with the
lower-theoretical-level method it is possible to obtain an energy value
for a two-layers ONIOM model placed in a medium with a specific dielec-
tric constant. Accordingly, this procedure was followed for ¢ = 4.335 and
& = 78.39.

RESULTS
Smaller model

Three energy minima were obtained: one for the mono-
dentate alternative (Minimum 1) and two for the bidentate
hypothesis (Minima 2 and 3). These minima retain the
overall topography of the active site reported in the crystallo-
graphic structure 1FT1, with the major differences observed
deriving from the expected refinement in zinc bond lengths.
The corresponding structures are depicted in Fig. 2. Table 1
lists the most important structural characteristics.
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Minimum 1 is a clearly monodentate structure, with Zn-O
(Asp-297p) distances of 1.94 and 2.86 A. In this minimum,
the water molecule is located at a 2.23-A distance from the
zinc atom. This structure is stabilized by a 2.24-A hydrogen
bond between the free oxygen atom from Asp-297f3 (Oy,) and
His-362(. The water molecule is stabilized by two weak hy-
drogen bonds with the Cys-2998 sulfur atom and with the
His-3628 imidazole.

Minimum 2 is bidentate, exhibiting Zn-O (Asp-29703)
bond lengths of 2.08 and 2.21 A. This minimum does not
display a hydrogen bond between Asp-2978 and His-36243,
as seen in Minimum 1. The water molecule is located 3.01 A
away from zinc and is stabilized by three hydrogen bonds.
Two of these bonds have also been reported in the previous
structure. However, the interaction with His-36283 in Min-
imum 2 is ~0.7 A shorter. A third hydrogen bond, between
water and one of the Asp-2973 oxygen atoms, is of particular
relevance having the shortest length of all (1.98 A).

Minimum 3 is also bidentate, presenting Zn-O (Asp-29703)
bond lengths of 2.10 and 2.21 A, very similar to the previous
minimum. However, in this structure, the water molecule is
positioned at a 4.07-A distance from the metal atom. Al-
though this minimum exhibits a lower number of hydrogen
bonds than the structures reported before, it is worth nothing
that these interactions are appreciably shorter, and naturally
stronger.

Fig. 3 illustrates the electronic energy variation with the
water-zinc distance, showing the three energy minima al-
ready described and the transition states in between them.
This curve only represents electronic energy values and
therefore does not take into account thermal and entropic
effects. The transition state structures are also represented in
Fig. 2 and further characterized in Table 1.

Transition State 1 connects Minima 1 and 2 and cor-
responds to a Zn-Oy, stretching normal mode. The structure
is stabilized by a 2.42-A hydrogen bond between the free
oxygen atom from Asp-2978 (Oy) and the His-36283 imid-
azole ring. The water molecule is positioned 2.31 A away
from zinc, and establishes hydrogen bonds with His-3623
and with the sulfur atom from Cys-2998.

Transition State 2 connects the two bidentate coordination
alternatives (Minima 2 and 3). A frequency mode analysis
indicates that this transition state corresponds to a normal
mode in which a stretching of the water-sulfur hydrogen
bond (reported for Minima 1 and 2, and for TS1), is
dominant. The water molecule is located at 3.32 A from the
zinc ion and establishes relevant hydrogen bonds with His-
3628 and Asp-297f, as described for the other stationary
states.

The Gibbs free energy values for the five stationary states
discussed for the smaller model, in vacuum, ether (¢ =
4.335), and water (¢ = 78.39), are presented in Table 2,
considering in each medium the energy value of Minimum 1
as reference. These values account for the electronic energy,
the zero point, thermal, and entropic corrections (T=310.15K,
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2.24

(A) Minimum 1

(E) Minimum 3

P =1 bar). This explains the reason why in certain cases
the energy of a transition state is in fact lower than the
reported value for one of the two minima it connects. Fig. 4
illustrates the Gibbs energy variation observed with water
displacement. A comparison of the energy values obtained
for the three minima clearly shows that Minimum 3 cor-
responds to the bidentate structure with the lowest energy,
whereas Minimum 2 denotes only a local minimum. There-
fore, the minima that illustrate mono- and bidentate coor-
dination, to be discussed throughout the text, are Minima 1
and 3, respectively. Table 2 presents the differences in
energy for both coordination alternatives in different media.
Although in vacuum bidentate coordination is preferred, the
results show that in ether mono- and bidentate coordination
have more or less the same energy. In water, the mono-
dentate alternative is favored.

Fig. 2 F represents the optimized structure obtained for
Conformer X, which corresponds to the most common
monodentate structure observed for zinc enzymes with a
carboxylate group and a water molecule in the first coor-
dination sphere. The results presented in Table 2 show that
this structure is by far the most stable in all media studied.

(D) Transition State 2

(F) Conformer X
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FIGURE 2 Structures obtained for the
stationary points studied, considering the
25-atoms model (Smaller model). Optimi-
zations performed using B3LYP/SDD.
Bond lengths and relevant hydrogen bonds
reported in A.

Larger model

The use of the 127-atoms model (Larger model) rendered
only two energy minima: one for the monodentate hypoth-
esis (Minimum 1), and another for the bidentate alternative
(Minimum 3). In both minima, the overall topography of the
active site reported in the 1FT1 crystallographic structure is
retained. The structures are depicted in Fig. 5, and described
in detail in Table 1.

In Minimum 1 the water molecule is tightly bound, being
located at a 2.13-A distance from the zinc atom. The Zn-O
(Asp-297p) distances are longer than the ones obtained for
the smaller model (2.02 A and 2.88 A in this model, against
1.94 A and 2.86 A in the smaller model). The structure is
stabilized by a 1.86-A hydrogen bond, between the car-
boxylate free oxygen (Oy) and the peptidic hydrogen from
Cys-2998. This carboxylate oxygen atom is further stabi-
lized by two weak hydrogen bonds, with a hydrogen from
the Cg atom in Cys-2998, and with a peptidic hydrogen from
Gly-29883. The water molecule is stabilized by a 1.95-A
hydrogen bond with the other carboxylate oxygen (O,). The
other interactions of the water molecule, seen in the smaller

Biophysical Journal 88(1) 483-494
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TABLE 1 Structural characterization of all stationary points determined

Distances to Zn>* atom (A)

Model Stationary point S (Cys-299) N (His-362)

O, (Asp-297)

Oy, (Asp-297) H,O Relevant hydrogen bonds

Smaller Minimum 1 (monodentate) 2.31 2.02

Transition state 1 2.30 2.02

Minimum 2 (bidentate) 2.26 2.02

Transition state 2 2.24 2.02
Minimum 3 (bidentate) 2.25 2.02
Conformer X (monodentate) 2.26 2.06
Larger  Monodentate (Minimum 1) 2.30 2.02

Bidentate (Minimum 3) 2.30 1.99

1.94 2.86 223

1.99 251 2.31

2.08 2.21 3.01

2.08 2.24 3.32

2.10 221 4.07

2.00 3.26 2.08

2.02 2.88 2.13

2.07 2.27 3.73

Oy, (Asp-297) with H (His-362) 2.24 A
H,O with H (His-362) 2.81 A

H,0 with S (Cys-299) 2.47 A

Oy (Asp-297) with H (His-362) 2.42 A
H,O with H (His-362) 2.57 A

H,0 with S (Cys-299) 2.44 A

H,O with Oy, (Asp-297) 1.98 A

H,O with H (His-362) 2.07 A

H,0 with S (Cys-299) 2.67 A

H,O with Oy, (Asp-297) 1.77 A

H,O with H (His-362) 1.99 A

H,O0 with O, (Asp-297) 1.66 A

H,O with H (His-362) 1.90 A

H,0 with O, (Asp-297) 1.42 A

H,O with H (His-362) 2.56 A

H,0 with O, (Asp-297) 1.95 A

Oy, (Asp-297) with N H (Cys-299) 1.86 A
Oy, (Asp-297) with H (Cys-299) 2.61 A
Oy, (Asp-297) with N,H (Gly-298) 2.83 A
H,O with O, (Asp-297) 1.71 A

H,O with H (His-362) 1.97 A

model, do not exist in this structure, mainly due to a slight
rotation of the imidazole ring from His-36283, which dis-
places the ring from the plane described by the zinc-water-
nitrogen bonds.

Minimum 3 has a water molecule located at 3.73 A from
the zinc atom, significantly shorter than the 4.07-A distance
reported for the Minimum 3 in the smaller model. This
minimum was referred to as Minimum 3 in analogy with the
designations attributed to the smaller model’s minima, taking
particularly into account the absence of a hydrogen bond
between the water molecule and Cys-2998 sulfur atom, but
also due to the similarities observed, in terms of length and
orientation, of the other two hydrogen bonds reported. In fact,
in this minimum the water molecule establishes a hydrogen

T 0.40-

£ T.5.1

[\]

& 0.00

X M1 T.S.2

? -0.40 4 \\ /"o\.

g \'\_C./‘ ‘\\

& -0.80 -

o M2 \

5 120 N

: —
® -1.60 ‘ ‘ ‘ ;
i 2.1 25 2.9 33 3.7 4.1

Distance Water-Zinc (A)

FIGURE 3 Electronic energy variation with water displacement, starting
from the monodentate structure (Minimum 1). All stationary points included.
Values obtained with B3LYP/SDD//B3LYP/SDD. Minimum 1 taken as
reference. (M1) Minimum 1 (monodentate), (M2) Minimum 2 (bidentate),
(M3) Minimum 3 (bidentate), (TS/) Transition State 1, (T'S2) Transition
State 2.
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bond (1.71 A) with one of the carboxylate oxygen atoms (O,)
and another with His-3623 (1.97 A), similar to the situation
described for Minimum 1 in the smaller model.

A comparison between the structures obtained using the
smaller and larger models presents two main differences: 1),
considering the smaller model, for most of the minima
studied (Minima 2 and 3 and Transition State 2), the longer
zinc-Asp-2978 bond length (Zn-Oy) is established with the
carboxylate oxygen atom that lies closer to the water mole-
cule, whereas the use of the larger model rendered structures
in which the carboxylate oxygen atom located closer to water
is in fact at a closer distance from the zinc atom (therefore
labeled O,); and 2), structures optimized for the larger model
exhibit a slight rotation of the imidazole ring from His-362,
in relation to the smaller model, which displaces the ring
from the plane defined by the zinc-water-nitrogen bonds and

TABLE 2 Gibbs energy values for all stationary points in
vacuum, ether, and water

AG (kcal/mol)*

Model Stationary point Vacuum Ether Water
Smaller Minimum 1 0.0 0.0 0.0
TS1 -0.3 0.4 1.0
Minimum 2 2.1 2.0 3.6
TS2 -1.0 2.4 33
Minimum 3 -3.3 0.0 1.6
Conformer X —6.7 —6.5 —6.7
Larger Minimum 1 0.0 0.0 0.0
Minimum 3 -3.6 —0.6 —4.3

*The energy values for Minimum 1 were taken as reference in each
medium.
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FIGURE 4 Gibbs energy values (kcal/mol) for all stationary points in
vacuum, ether (¢ = 4.335) and water (¢ = 78.39). Values include zero-point,
thermal, and entropic corrections (7 = 310.15 K, P = 1 bar), and electronic
energy results at the B3LYP/6-311 + G(2d,2p)//B3LYP/SDD level of
theory. The energy values for the monodentate structure (Minimum 1) were
taken as reference in each medium.

makes the existence of a minimum equivalent to Minimum 2
(from the smaller model) unfeasible.

The relative energies for the two coordination alternatives
in vacuum, ether (¢ = 4.335), and water (¢ = 78.39), con-
sidering the larger model, are reported in Table 2, taking the
value for the monodentate structure (Minimum 1) as refer-
ence. Fig. 4 illustrates the energetic differences between both
structural hypotheses in the three media considered. The
results show that the bidentate hypothesis is preferred.

DISCUSSION

Zinc exhibits certain specific characteristics that are very
different from other first-row transition metals. Due to the
filled d'° orbital, the zinc ion (Zn*") does not participate in
electron transfer reactions. Additionally, the d'® configura-
tion results in a ligand field-stabilization energy of zero, for
all possible geometries, leading to spatially not directed
(isotropic) polarization effects. Therefore, no geometry is
intrinsically more stable than another, which confers on zinc
metalloenzymes an ability to accommodate, during an enzy-
matic catalysis process, several different coordination environ-
ments without significant energetic cost (McCall et al., 2000).
Nevertheless, the geometry most often encountered in zinc
metalloenzymes is a distorted tetrahedral, although a penta-
coordinated geometry has also been suggested for interme-
diate species, and for some specific systems (Alberts et al.,
1998; Coleman, 1998; McCall et al., 2000).

In FTase, zinc is known to play a catalytic role (Huang
et al.,, 1997; Fu et al., 1998). In the first crystallographic
structure of a farnesyltransferase enzyme, obtained in 1997
(structure 1FT1) (Park et al., 1997), the zinc coordination
sphere was interpreted as being distorted pentacoordinated,
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Ser3s7p

Tyr300p

Gly298[

| Tyr36lf
{A) Minimum 1

Serd57p

Tyr30op

Gly298p

Tyrd6lp
(B) Minimum 3

FIGURE 5 Structures obtained for the two minima studied, considering
a 127-atoms model (Larger model). Geometries optimized at the
ONIOM(B3LYP/SDD:PM3) level of theory. High-level atoms depicted in
ball and stick. Low-level atoms represented in sticks. Designations given in
analogy with the smaller model minima: (A) Minimum 1, (B) Minimum 3.
Bond lengths and relevant hydrogen bonds reported in A.

with three residues from the B-subunit (Asp-297 bidentate,
Cys-299, and His-362), plus a water molecule, as ligands.
The nature of the amino acid residues present in the zinc
coordination sphere is not the subject of any doubt, and is in
agreement with several mutagenesis studies (Dolence et al.,
1997; Kral et al., 1997; Fu et al., 1998). However, some
aspects are still far from clear. In particular, the 2.74-A dis-
tance observed between the zinc ion and the water molecule
does not allow an unequivocal assignment of this molecule
to the first coordination sphere. Furthermore, in subsequently
determined crystallographic structures from FTase com-
plexed with FPP, the water molecule is located at an even
higher distance—3.22 A in structure 1FPP (Dunten et al.,
1998) or not identifiable at all in structure 1FT2 (Long et al.,
1998). Another important and unclarified aspect of the zinc
coordination sphere lies on the bidentate character of the
aspartate ligand. In the 1FT1 structure, the reported Zn-O
(Asp-297pB) distances are 2.00 and 2.56 A. In most of the
structures subsequently determined, the differences between
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these two distances are even higher (Long et al., 1998, 2000,
2001; Strickland et al., 1998). Therefore, the assignment of
this ligand as bidentate is at the very least questionable.

Despite the high number of crystallographic structures
available for FTase, the above-mentioned aspects remain un-
clear. Most of all the available structures have a resolution of
2.0 A or worse, which is insufficient for an atomic level
structural analysis, given that for such a level of resolution
the expected uncertainty in bond length is at least 0.3 A
(Tobin et al., 2003). Studies using extended EXAFS have
provided evidence that the zinc atom is coordinated to only
three low-Z ligands (oxygen or nitrogen), plus a cysteine
sulfur, arranged within a distorted tetrahedral geometry
(Tobin et al., 2003). Although EXAFS data do not allow
a distinction between nitrogen or oxygen coordination, the
average Zn-(N/O) and Zn-S distances determined are con-
sistent with typical values found in small zinc molecules
(Harding, 2001; Tobin et al., 2003), and significantly shorter
than the reported values for FTase crystallographic structures
(Park et al., 1997; Dunten et al., 1998; Long et al., 1998).

Two of the three Zn-(O/N) bonds are known to be estab-
lished with a His-3628 nitrogen atom and with an Asp-2978
oxygen atom. Furthermore, the Zn-S bond is known to be
between the zinc ion and the Cys-2998 sulfur atom. How-
ever, the nature of the third low-Z ligand is still the subject of
many doubts, not answered by the EXAFS studies. The two
obvious candidates are the water molecule (located 2.74 A
away from zinc in the 1FT1 structure) and the second Asp-
2978 oxygen (placed at 2.56 A in the same structure).
However, despite its limitations EXAFS data clearly indicate
the lack of significant dispersion in the three Zn-(N/O) values
(not larger than 0.10 A). Therefore, the three bond lengths
should be ~2.0-2.2 A, which points toward a geometry with
a tightly bound water or an almost symmetrical bidentate
carboxylate ligand, not seen in any crystallographic structure
of the farnesyltransferase enzyme so far. What is known, for
sure, is that such a ligand disconnects when the protein or
peptide substrate binds giving its place to the sulfur atom of
the cysteine residue, within the substrate CAAX motif,
rendering a distorted tetrahedral geometry with two low-Z
ligands (N/O), and two sulfur atoms, directly connected to
zinc.

The presence of a water molecule is a characteristic
hallmark of catalytic zinc sites (Park et al., 1997; Hightower
et al., 1998). In fact, in most of the catalytically active zinc
sites, H,O is the fourth ligand, being activated by ionization
or polarization in the course of a reaction for subsequent
attack on a substrate, or simply being displaced by a substrate
molecule in the zinc coordination sphere (Vallee and Auld,
1990). In FTase, as a prime argument against such an hy-
pothesis, it has been argued that the presence of a zinc-
coordinated water would be deleterious to the farnesylation
reaction due to possible hydrolysis of the FPP substrate
(Tobin et al., 2003). However, from the reported crystallo-
graphic structures of FTase complexed with the FPP sub-
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strate (Dunten et al., 1998; Long et al., 1998) it is seen that
the zinc atom is located ~7 A away from FPP, which places
an hypothetical zinc-coordinated water molecule very far
away from the FPP carbon 1 target. Furthermore, the con-
formational change that leads to an approach between the zinc
atom and FPP, and allows the farnesylation reaction to occur,
only takes place after the coordination of the peptide substrate
to the enzyme (Long et al., 2002; Pickett et al., 2003a,b), that
is, after the displacement of the hypothetical zinc-coordinated
water by the cysteine’s sulfur from the CAAX motif.
Therefore, the water molecule would never be a true menace
to the farnesylation reaction, and the zinc-bound water
molecule hypothesis cannot be ruled out simply by such an
argument.

The other possible hypothesis would involve an almost
symmetrical bidentate carboxylate group. Carboxylate li-
gands are common in many zinc enzymes (Lipscomb and
Strater, 1996), and it is known that these carboxylate groups,
in some cases, shift between mono- and bidentate coor-
dination, which may function as an effective mechanism to
balance the catalytic activity of such enzymes (Ryde, 1999).
Bidentate coordination has been suggested for ~30% of the
zinc-carboxylate enzymes (Alberts et al., 1998; Ryde, 1999).
However, these enzymes normally exhibit a very evident
elongation of one of the Z-O carboxylate bonds by as much
as 0.3-0.4 A (Alberts et al., 1998), which would be in ap-
parent contradiction with the evidence obtained by EXAFS
studies for FTase, that clearly point to three Zn-(N/O) bonds
with very similar lengths (Tobin et al., 2003).

Knowledge of the zinc coordination sphere is vital for an
understanding of the global mechanism that rules the FTase
activity. A better comprehension of the farnesylation mecha-
nism could lead to significant progresses in the development
of FTase inhibitors—rationally designed, more specific, with
increased activity for cancer treatment, with potential value
in the treatment of malaria and sleeping sickness, or even
with application as antiviral agents.

The use of the smaller and larger models has allowed us to
analyze the two coordination alternatives. The preparation of
the larger model was carefully planned to capture both the
intrinsic characteristics of the zinc complex and the influence
of the anisotropic enzyme environment on the zinc coor-
dination sphere. Several studies using this type of model
have rendered very interesting results in the mechanistic
study of other enzymes (Morokuma et al., 2001; Pelmen-
schikov and Siegbahn, 2002; Torrent et al., 2002; Kuno et al.,
2003). All residues interacting directly with the zinc complex
were included to preserve the specific interactions of the
enzyme environment with the metal coordination sphere.
Special care was taken to include all the hydrogen bonds
between the zinc ligands and the surrounding residues. The
remaining portion of FTase not included in the larger model
was replaced by a dielectric continuum (¢ = 4.335), which is
a standard procedure in the treatment of the long-range non-
specific effects of the enzyme environment (Blomberg
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et al., 1998; Siegbahn, 1998; Siegbahn et al., 1998;
Fernandes and Ramos, 2003a). Therefore, the conclusions
drawn from this model can be extrapolated to the enzymatic
system. The main purpose of considering also the first smaller
model was to discriminate between the intrinsic charac-
teristics of the zinc complex and the influence of the enzyme.
This can be achieved by comparing the results of the two
models, whose differences can be fully attributed to the en-
zZyme.

Geometrically, both the mono- and bidentate structures
considered in this study are in agreement with the distances
envisioned by the EXAFS studies for FTase (Tobin et al.,
2003), with three Zn-O/N bonds around a 2.0-2.2-A interval.
Our results have shown that the energy differences between
both alternatives are generally small. Furthermore, our
results indicate that the potential energy barriers between
different minima are almost meaningless, and that the con-
version mono-bidentate is reversible and fast, even at room
temperature. Nevertheless, smaller model calculations in vac-
uum rendered an appreciably lower energy for the bidentate
coordination hypothesis (Minimum 3), with the minor energy
conformation being chiefly determined by the number of
hydrogen bonds and by their strength. For calculations in
continuum (ether or water), intermolecular hydrogen bonds
become less important because the solvent stabilizes (in
a minor or major extension) the groups more prone to
interact by hydrogen bonds, namely the water molecule and
the noncoordinated carboxylate oxygen. The degree to which
these groups are exposed to the solvent is an aspect to be
taken into account. In the monodentate structure (Fig. 2 A,
Minimum 1), the water molecule and the second carboxylate
oxygen adopt an orientation that promotes stabilization by
the solvent, in comparison with the situation that arises from
the bidentate geometry (Fig. 2 E, Minimum 3), where there
is no carboxylate free oxygen. Therefore, solvation will
stabilize the monodentate alternative to a greater major
extent than the bidentate hypothesis. In ether (¢ = 4.335), the
referred stabilization, together with the decrease in impor-
tance of the intermolecular hydrogen bonds, results in ener-
gies virtually identical for both alternatives. In water, due to
the higher dielectric constant (¢ = 78.39), such stabiliza-
tions are even more intense, resulting in an energy consider-
ably lower for the monodentate alternative.

For the larger model, calculations in vacuum are in
agreement with the results obtained for the smaller model
because the bidentate structure is, once again, more stabi-
lized by hydrogen bonds than the monodentate alternative.
The enzyme environment, represented by the additional five
residues closer to the first coordination sphere (Gly-298p8,
Tyr-3008, Asp-352f3, Ser-35783, and Tyr-361p8), stabilizes
both alternatives in practically the same amount with a small
prevalence for the bidentate structure (by 0.3 kcal/mol). For
continuum calculations, the main advantage that the mono-
dentate structure exhibited in relation to the bidentate alter-
native in the smaller model—a free carboxylate oxygen atom
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exposed to the solvent—does not occur in the larger model
due to the enzyme environment that avoids solvation of this
atom. Therefore, contrary to the situation reported for the
smaller model, in the larger model the continuum will tend to
favor the bidentate structure. Naturally, this stabilization is
significantly higher in water than in ether as discussed for the
smaller model.

Taking into consideration the small variation observed in
the change from the smaller to the larger model, and because
the latter includes all the relevant residues that could interact
directly with the first coordination sphere and that are
responsible for the specific interactions of the enzyme en-
vironment with the zinc sphere, it is not expected that sub-
sequent enlargements of the atomistic region of the model
system could lead to meaningful alterations in the energetic
difference between the two coordination hypotheses. Fur-
thermore, given the subtle geometric differences existent
between the two conformations, any long-range influence
of the enzymatic environment beyond our second layer is
highly unlikely to markedly favor one of the conformers
over another. Hence, as the heterogeneous nature of the en-
zyme environment is accounted for by the second layer in
our model, and the nonspecific distant effects are modeled by
a continuum, the conclusions obtained with the larger model
should be valid for the enzyme.

We recall that a typical BALYP calculation with a standard
basis set has an uncertainty of ~2.5-3.0 kcal/mol in the
determination of absolute values (Ricca and Bauschlicher,
1995; Holthausen et al., 1995; Bauschlicher, 1995). In this
work we only present relative values between highly related
structures, where the positions of just three or four atoms
change considerably. The bulk of the system is not sig-
nificantly altered. Therefore, most of the factors that might
contribute to the error cancel, and the final error is expected to
be much smaller. Nevertheless, the energy differences in
some of the cases are most probably within the experimental
error. This explains our reserves in pointing the bidentate
conformer as the most stable alternative for the zinc co-
ordination sphere in the FTase resting state. The results
obtained point in that direction, the observed trend in the
change from the smaller to the larger model is coherent with
that conclusion, but the small differences observed do not
allow a strong and definitive conclusion in this matter.
However, it is precisely this very small energetic difference
that is fascinating. In fact, one of the most important aspects
derived from this study, which arises from the results with
both the smaller and larger models, is the surprisingly small
energetic differences envisioned between the two coordina-
tion hypotheses, particularly in terms of electronic energy.
This feature led us to postulate the existence of an equilibrium
involving the two coordination alternatives, with the
correspondent populations being determined by the differ-
ence in the energy between the two hypotheses, following
a Boltzmann distribution. For example, a difference of only
0.5 kcal/mol in the energy favoring the bidentate hypothesis
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would correspond to a mono/bidentate distribution of
30:70%, and a weighted average for the distance between the
zinc ion and the second carboxylate oxygen atom (Zn-Oy)
of ~2.46 A.

We have conducted a statistical analysis of this type of
Zn-Oy bond lengths in all FTase crystal structures with a better
resolution than 2.5 A, a total of 17 structures. Details can be
found in the supporting information. The result shows that
85% of these structures have reported bond lengths that fall
in a 2.40-2.60-A range, the average value being 2.49 A.
These values are absolutely atypical for a Zn-O,, distance,
being significantly longer than a normal covalent bond but
also considerably shorter than a characteristic ionic in-
teraction. We have also arranged these 17 crystallographic
structures into five groups, designated as resting state, binary
complex, ternary complex with two Zn-thiolate bonds,
ternary complex with one Zn-thiolate bond, and product
complex. The structural analysis performed for each group
shows that, even though the Zn-Oy, bond lengths within each
set of structures greatly vary (sometimes by as much as
0.4 A), the average values for the five different groups are
remarkably similar. The results seem to indicate the absence
of a direct relationship between the existence, or not, of a
second zinc-thiolate bond and the Zn-O, distance. Further-
more, from our studies it is clear that a value in a 2.40-2.60-A
range would never correspond to one of the minima, but
rather to a structure similar to the one presented for the
transition state for a mono-bidentate conversion (Zn-O,
distance of 2.51 A), which is, of course, highly unlikely to
occur in a crystallographic structure. Therefore, we conclude
that the atypical values reported for the Zn-O,, distance in
FTase crystallographic structures arise from the existence of
two different states populated, and consequently that both
coordination alternatives—bidentate and monodentate with
an extra ligand—exist in equilibrium, the ratio of which
depends on the type of ligand. Taking all these aspects into
consideration we conclude that in reasonable crystallo-
graphic structures of zinc enzymes with a carboxylate ligand
a simple inspection of the Zn-O,, bond length is enough to
verify the existence or not of two states in equilibrium. This
conclusion is of major biological significance, being also
extensible to a huge amount of metallo-enzymes, not only
zinc-carboxylate enzymes but also other enzymes in general,
which exhibit metal-carboxylate atypical bond lengths char-
acteristic neither from a covalent bond nor from an ionic
interaction.

Previous studies have demonstrated that most zinc en-
zymes with a water molecule, and a monodentate carbox-
ylate group in the first coordination sphere, adopt a specific
conformation where the free carboxylate oxygen interacts
with the water molecule by a very strong hydrogen bond,
almost defining a ring (Ryde, 1999). Our results showed that
such a structure—referred to as Conformer X (Fig. 2 F)—has
an energy at least 3—7 kcal/mol lower than all the other
mono- and bidentate coordination alternatives considered
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(see Table 2), which is in agreement with the high prevalence
of this structure within zinc enzymes. However, in the par-
ticular case of FTase such hypothesis is not realistic, because
just a visual inspection of the crystallographic structures
shows that such a conformer would require a major rotation
of the Asp-2978 carboxylate group, to which would un-
doubtedly correspond a very high distortion energy.

CONCLUSIONS

The results obtained in this study have shown that a bidentate
coordination to zinc by the Asp-2978 residue in the active
site of FTase is not only possible but it is also the most stable
realistic alternative. Interestingly, however, our results
demonstrate that the two coordination alternatives for the
zinc sphere in the FTase resting state—bidentate Asp-2973
without water or monodentate Asp-2978 with a water
molecule—lie in a notably close energetic proximity. The
Gibbs energy for a conversion between both alternatives and
the correspondent transition state were also determined. The
small Gibbs energy value obtained indicates that at room
temperature a mono-bidentate conversion (carboxylate shift)
with water elimination is reversible and very fast, which
together with the small energetic difference observed be-
tween the two conformers suggests the existence of the two
states in equilibrium. This equilibrium hypothesis could
explain the atypical values observed in FTase crystallo-
graphic structures, namely the reported bond lengths be-
tween the zinc and the second carboxylate oxygen atom of
Asp-2978, too long for a normal covalent bond but at the
same time excessively short for a simple ionic interaction.

A reversible and fast mono-bidentate conversion, such as
the one suggested, will perform a central catalytic function
by assisting ligand entrance and/or release. These features
are of the uttermost importance for the FTase activity,
providing an effective mechanism for balancing Ras en-
trance, Ras attack on the FPP substrate, or even product
release. Just as with FTase and the related enzyme geranyl-
geranyltransferase I, mechanisms of this type may also be
important in other zinc enzymes with a carboxylate group co-
ordinating the zinc ion.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www .biophysj.org.
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