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Protein farnesyltransferase (FTase) is a particularly interesting zinc enzyme that promotes the transfer of
a 15-carbons isoprenoid farnesyl group from farnesyl diphosphate (FPP) to a number of peptide sub-
strates with a typical-CAAX motif at the carboxyl-terminus, where C represents the cysteine residue that
is farnesylated. This enzyme has been the subject of great attention in anticancer research, as several pro-
teins known to be involved in human cancer development are thought to serve as substrates for FTase
and to require farnesylation for proper biological activity. Several FTase inhibitors have advanced into
clinical testing. However, despite the progress in the field several functional and mechanistic doubts
on the FTase catalytic activity have persisted. This work describes the application of molecular dynamics
simulations using specifically designed molecular mechanical parameters to the four key-intermediate
states formed during the FTase catalytic mechanism–FTase resting state, binary complex (FTase-FPP), ter-
nary complex (FTase-FPP-Peptide), and product complex (FTase-Product). The study involves a compar-
ative analysis of several important molecular aspects for which are vital not only motion but also the
conformational sampling of both enzyme and substrate as well as their interaction, and especially the
effect of the solvent. These include the radial distribution function of the water molecules around the cat-
alytically important zinc metal atom, the conformations of the substrate and product molecules and the
corresponding RMSF values, critical hydrogen bonds and several catalytically relevant distances. These
results are discussed in light of recent experimental and computational evidence, yielding new insights
into the elusive catalytic mechanism of this enzyme.

� 2009 Published by Elsevier Ltd.
1. Introduction

Protein farnesyltransferase (FTase) is a heterodimeric Zn en-
zyme that catalyzes the addition of a farnesyl group from the iso-
prenoid donor farnesyl diphosphate (FPP), to a cysteine residue of a
protein substrate containing a typical-CAAX motif at the carboxyl
terminus, where C represents the cysteine residue that is farnesy-
lated, A is an aliphatic amino acid, and X represents the terminal
amino acid residue, typically alanine, serine, methionine, or gluta-
mine.1–5 Among the known FTase substrates are the H-, N-, and K-
Ras proteins, the c subunit of heterotrimeric G-proteins, nuclear
lamins A and B, and several proteins involved in visual signal trans-
duction.6–8

The discovery that farnesylation was absolutely necessary for
the oncogenic forms of Ras proteins to transform cells9–11 quickly
gave rise to an escalating number of studies focusing on FTase, as
the Ras family of proteins is known to be involved in something
like 30% of all human cancers,12,13 with particular high relevance
in pancreatic adenocarcinomas (90%), colon adenocarcinomas
Elsevier Ltd.
and adenomas (50%), lung adenocarcinomas (30%), myeloid leuke-
mias (30%), and melanomas (20%).14–19

Research in the field rapidly yielded extremely promising re-
sults, leading to a large number of patents describing FTase inhib-
itors (FTIs).20 Several drugs moved into clinical testing.21–29

However, the outcome of Phase II and Phase III clinical trials was
rather disappointing, with the most advanced FTIs failing to dem-
onstrate anti-tumour activity in Ras dependent cancers.30,31 Inter-
estingly, however, good results in several non-ras dependent
cancers were obtained through the application of FTIs.32–34 These
finding suggests that some farnesylated proteins other than Ras
must also play a role in the biological consequences of FTI treat-
ment. However, the precise target for FTase action that is respon-
sible for the observed anti-tumour activity is still unknown.35

The application of FTIs in several other non-cancer related illnesses
is also currently underway. Examples include malaria,36–41 the
African sleeping sickness,42–44 Chagas disease,45–47 Leishmania-
sis,45 and Toxoplasmosis.48 Other emerging applications of FTase
also include its use as a protein modification tool for biochemical
and biotechnological purposes.49

In spite of the immense interest aroused by FTase, several
important aspects of its catalytic mechanism have remained unex-
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plained or are still a matter of dispute.50–52 An atomic-level under-
standing of the catalytic and inhibition mechanisms of this enzyme
could help to guide the search for rationally-designed inhibitors of
FTase, and would be of paramount importance in the path towards
mastering FTase activity.

This study portrays an integrated molecular dynamics (MD)
analysis of the four main intermediate states formed during the
catalytic mechanism of FTase, in an attempt to rationalize the sev-
eral events taking place at the active-site of the enzyme, including
substrate binding (both FPP and the CAAX peptide) and product
formation. These four key intermediates are the FTase resting state,
the binary complex (FTase-FPP), the ternary complex (FTase-FPP-
Peptide), and the product complex (FTase-Product) (see Fig. 1).
The study uses three recent sets of parameters committed to the
AMBER force field,53,54 specifically designed to allow a reliable
treatment of three different Zn coordination spheres formed during
catalysis, and previously validated against 14 FTase crystallo-
graphic structures, EXAFS data, DFT, and QM/MM theoretical calcu-
lations.55 The insights given from the set of four MD simulations
performed on these key states, are analyzed in light of recent inter-
Figure 1. Schematic representation of the Zn coordination sphere in the four main interm
the field. The center picture illustrates the position of the metal coordination sphere, FPP
complex.
pretations of old mechanistic dilemmas and currently existing
doubts on the FTase mechanism, yielding important indications
for future mechanistic studies, and contributing positively to a bet-
ter understanding of the farnesylation process.

2. Results and discussion

2.1. Radial distribution function of water around zinc

The exact nature of the Zn coordination sphere in FTase has re-
mained for years the subject of several pungent questions.50 The
existing doubts involved both the number and the identity of the
ligands at the first coordination sphere and were in fact at the very
heart of the atomic-level search for the FTase catalytic mechanism,
as Zn plays a critical role in the whole farnesylation process.

In the first X-ray crystallographic structure of a farnesyltrans-
ferase enzyme, obtained for the resting state of FTase in 1997
(structure 1FT1),56 the zinc coordination sphere was interpreted
as being distorted pentacoordinated, with three residues from
the b-subunit (Asp297b bidentate, Cys299b, and His362b), plus a
ediate states of the catalytic mechanism of FTase, illustrating the current standing of
molecule and peptide substrate within the context of the full enzyme at the ternary
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water molecule, as ligands. However, the 2.74-Å distance observed
between the zinc ion and the water molecule failed to allow an
unequivocal assignment of this molecule to the first coordination
sphere of the metal atom, as the average bond-length for a Zn–
OH2 interaction is 2.22 Å, as recently shown in a recent analysis
of Zn proteins in the PDB.57 Furthermore, the bidentate character
of the aspartate ligand in this structure (Zn–O distances of 2.00
and 2.56 Å) was also doubtful.57 In most of the structures subse-
quently determined, the difference between the distances to the
two carboxylate oxygens was even higher, and so was the distance
between Zn and water. Therefore, considering Asp297b a bidentate
ligand, assigning the water molecule to the first coordination
sphere of Zn, and regarding the metal coordination sphere as pen-
tacoordinated were three highly questionable conclusions, all of
them open to debate.

Additional doubts arose from the first X-ray absorption fine
structure studies (EXAFS),58 which demonstrated that the Zn coor-
dination sphere was in fact tetracoordinated, with three low-Z li-
gands (oxygen or nitrogen, in a 2.0–2.2 Å interval), plus a
cysteine sulfur (Cys299b) at the resting state. Two of these three
bonds with low-Z ligands were known to be formed with a
His362b nitrogen atom and with an Asp297b oxygen atom. How-
ever, two candidates existed for the third Zn–(O/N) bond: the sec-
ond carboxylate oxygen from Asp297b (defining an almost
symmetrical bidentate ligand) or a tightly bound water molecule.
To each one of these two alternatives corresponded two very dif-
ferent farnesylation mechanisms, since the EXAFS studies have also
showed that it was this ligand that was displaced with peptide
coordination to the metal coordination sphere.

The presence of a water molecule at the metal coordination
sphere is an extremely common motif in Zn enzymes,57,59,60 and
in the case of FTase would implicate a mechanism where the water
molecule would be replaced by the sulfur atom from the peptide
substrate, eventually recovering its position at the metal sphere
after the chemical step has taken place. The bidentate Asp297b
hypothesis would implicate a change in the coordination form of
Asp297b to monodentate with peptide coordination, with a later
return to the bidentate form with product (or intermediate)
release.58

We have previously analysed this dilemma by evaluating the
two possibilities using B3LYP and B3LYP/PM3 approaches.61 To
our surprise we have found that not only the two coordination
alternatives were possible and were located at a remarkably close
energetic proximity, but also that the conversion between the two
was reversible and extremely fast, suggesting the existence of an
equilibrium at room temperature between the water-bound mini-
mum and the bidentate minimum at the resting of the enzyme (see
Fig. 1).

Following this conclusion, we have analyzed some of the mech-
anistic paradoxes of FTase within a carboxylate-shift paradigm.62–
Figure 2. Radial distribution functions (RDFs,) and number of water molecules as a funct
of the FTase catalytic mechanism: FTase resting state, binary complex (FTase-FPP), tern
65 We have also explored this type of monodentate to bidentate
changes with concomitant exit of a small ligand for a variety of dif-
ferent molecules and for several different Zn coordination spheres,
representing different Zn biological systems.66

Taking into consideration our previous computational work and
the massive set of experimental results, we can rationalize the
available data on a mechanistic proposal for the FTase catalytic
mechanism where the enzyme exists at the resting state as an
equilibrium between a water-bound monodentate form and a
bidentate form with the water molecule free61 (see Fig. 1); FPP then
binds to a hydrophobic cavity of the enzyme near the catalytic Zn
ion, but without altering the metal coordination sphere, which re-
mains an equilibrium of two conformations; Peptide binding then
proceeds, with the cysteine sulfur atom coordinating the metal
coordination sphere in the thiol form, and substituting the water
molecule in a process where the bidentate form acts as an interme-
diate;63 the Zn-bound peptide thiol substrate then loses a proton to
an active-site base or to the solvent, yielding a tightly-bound Zn
thiolate;58,63 the transfer of the farnesyl moiety from FPP towards
the peptide substrate involves a rotation of the first isoprenoid
subunit, which positions the FPP carbon 1 at a distance of around
5–5.5 Å away from the Zn-bound sulfur atom of the peptide sub-
strate;65,67,68 from this position onwards the reaction takes place
with more or less simultaneous formation of the Farnesyl(C1)–S
bond and breaking of the Farnesyl(C1)–PPi bond (where PPi is
the pyrophosphate moiety), but without rupture of the Zn–S bond,
leading to the formation of a Zn-bound farnesylated peptide (the
product), in a step where a Mg2+ ion is thought to play an impor-
tant role by stabilizing the formation of the PPi molecule; product
displacement from the Zn coordination sphere takes place through
a carboxylate-shift mechanism, in a low-barrier step where
Asp297b changes from the monodentate to the bidentate coordina-
tion form;64 the farnesylated peptide product is then displaced to
an hydrophobic pocket outside the active site, which corresponds
to a 8–9 Å distance between zinc and the thioether sulfur atom; fi-
nally product release is the rate-limiting step and is promoted by
the entrance of an additional substrate molecule.

Our MD parameters consider the Zn coordination sphere in the
FTase resting state and binary complex as a tetracoordinated com-
plex with a bidentate aspartate ligand, without a Zn-bound water
molecule. Obviously, the specific nature of MD methods in general,
and particularly the use of a bonded potential in the parameteriza-
tion of the metal sphere,55 forecloses a direct analysis of an equilib-
rium between the bidentate aspartate ligand and the Zn-water-
bound form, as bond forming and bond breaking events are not ac-
counted for. However, the mechanistic proposal outlined above ad-
mits the existence of a water molecule in the FTase resting state
and binary complex (FTase-FPP) at an appropriate distance from
the Zn coordination sphere for that an equilibrium between a
water-unbound bidentate form and a water-bound monodentate
ion of the distance to Zn, calculated from the MD simulations for the four-key states
ary complex (FTase-FPP-CVIM), and product complex (FTase-Product).



Figure 3. Graphical representations of the root mean square deviation (RMSd) variation in the MD simulations performed for the four systems considered: FTase resting
state, binary complex, ternary complex, and product complex.

Table 1
Root mean square deviation (RMSd) summary of the simulations performed (after the
initial 500 ps) in relation to the corresponding crystallographic structures

RMSd (Å) Resting state Binary complex Ternary complex Product complex

CA 2.4 ± 0.5 1.5 ± 0.2 1.7 ± 0.2 1.7 ± 0.3
Zn Sphere 0.33 ± 0.06 0.38 ± 0.07 0.56 ± 0.13 0.36 ± 0.06
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form may be established, and this feature can be accurately evalu-
ated from the full MD simulations performed.

To achieve this, we have analyzed the radial distribution func-
tion (RDF) of water (from the water oxygen atom) around Zn in
the four catalytic states of the enzyme considered in this study:
resting state, binary complex, ternary complex, and product com-
plex (Fig. 1). Results are presented in Figure 2. The results confirm
the existence of an RDF maximum at an appropriate distance
from the metal atom in order that such equilibrium can take
place, both in the case of the resting state of FTase and of the bin-
ary complex. The same was, however, not observed for the ter-
nary and product complexes, as expected. Additionally, the Zn–
OH2 radius within which a water molecule can be found on aver-
age is of 2.8 Å for the resting state and binary complex, whereas
for the other two states of the enzyme is of 4.2 and 4.3 Å, respec-
tively for the ternary and product complexes.

These results illustrate the existence of intrinsic differences
in the solvation shells of Zn in the four catalytic states of FTase
that partially determine the metal coordination spheres that are
able to exist as an equilibrium between a water-bound mono-
dentate form and a water-unbound bidentate form (via Carbox-
ylate-shift). There is still another important difference that is
evident from the RDF analysis performed on these four inter-
mediate states: in the resting state and binary complex, the
RDF analysis yield a sharp peak around 2.5 Å (Fig. 3). This sharp
peak indicates the existence of a specific interaction between
the Zn cation and the water–oxygen atom. In the ternary and
product complex, however, the existing peaks are much less
pronounced (Fig. 3), suggesting that the water molecules occu-
py almost all the free-surrounding volume, without being struc-
turally oriented by the Zn metal atom. No significant
interaction between Zn and the water molecules exists in these
two states. The conclusions drawn a this level, are also in
agreement with previous computational work, done at the
quantum mechanical level on the energetics of the metal coor-
dination sphere61,63,64 and with available EXAFS results.58

2.2. MD overall results

Table 1 lists the average root mean square deviation (RMSd) for
the backbone Ca atoms (CA) and for the Zn coordination sphere
determined from the instantaneous values collected at every
0.2 ps during the 10 ns of simulation time for each of the four FTase
states considered: FTase resting state, binary complex (FTase-FPP),
ternary complex (FTase-FPP-CVIM), and product complex (FTase-
Product) (Fig. 1). Only the values obtained after the initial 500 ps
of simulation were considered in this averaging.

Figure 3 illustrates the CA and Zn coordination sphere RMSd
variation with time in all the MD simulations performed. The
results show that the four systems are well equilibrated and
that the CA atoms are maintained within a RMSd of 2.5 Å
practically throughout the entire simulation. From Table 1 and
Figure 3 it is also evident that the geometries of the Zn coordi-
nation spheres were maintained very well during the entire
simulation time.



Table 2
Summary of the root mean square deviation (RMSd) values of the simulations
performed (after the initial 500 ps) calculated for FPP, the farnesyl group, the
pyrophosphate group and the CVIM peptide in relation to the corresponding
crystallographic structures

RMSd (Å) Resting
state

Binary
complex

Ternary
complex

Product
complex

FPP — 2.4 + 0.2 1.2 + 0.2 —
Farnesyl — 2.3 + 0.3 1.2 + 0.2 1.1 + 0.3
Pyrosphosphate — 1.1 + 0.2 0.3 + 0.3 —
CVIM — — 1.3 + 0.2 1.8 + 0.3
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2.3. Substrate conformations

Following the analysis of the radial distribution functions of the
water molecules around Zn in the four FTase intermediate states,
we have dedicated our attention to a comparative analysis of the
behaviour of the several individual substrate/product components
in the FTase resting state, binary complex, ternary complex, and
product complex. In particular, we have focused this analysis on
Zn, the full FPP substrate molecule, the farnesyl portion of FPP
and of the farnesylated product, the pyrophosphate moiety of
FPP, and the CVIM motif at both the peptide substrate and farnesy-
lated product.

Table 2 lists the average root mean square deviation (RMSd)
values for all the atoms in each of these molecular elements deter-
mined from the instantaneous values collected at every 0.2 ps dur-
ing the 10 ns of simulation time for each of the four FTase states
considered. Table 3 presents the corresponding root mean square
fluctuation (RMSF) values, which illustrate the average displace-
ment (i.e., the positional variation) of each one of these elements
in relation to their average structure over the whole simulation
(after the initial 500 ps), thereby giving an indication of the relative
flexibility that characterizes each of these components.

Table 2 shows that the structural elements considered in this
analysis all maintain their positions in relation to the correspond-
ing crystallographic structures. Table 3 further shows that the posi-
tional variation (RMSF) of Zn is greatly decreased from the resting
state and binary complex to the ternary complex (ca. 30%), and re-
mains low at the product complex.

Figure 4 shows the average conformation of the FPP molecule in
the binary complex (FTase-FPP) and ternary complex (FTase-FPP-
Peptide) with the indication of the most relevant hydrogen bonds
formed between the pyrophosphate moiety of FPP and the enzyme.
The figure highlights the difference in the coordination mode of
FPP in the two states as observed in the corresponding MD simula-
tions. The differences observed are in agreement with the substrate
coordination modes reported in the PDB structures used in the
preparation of the models for the two simulations, that is, the X-
ray crystallographic structures with the best resolution available
for the binary and ternary complexes of FTase (1FPP69 and 1JCR70).
Table 3
Summary of the root mean square fluctuation (RMSF) values of the simulations
performed (after the initial 500 ps) calculated for Zn, FPP, the farnesyl group, the
pyrophosphate group and the CVIM peptide

RMSF (Å) Resting
state

Binary
complex

Ternary
complex

Product
complex

Zn 0.54 0.57 0.41 0.39
FPP — 0.99 0.98 —
Farnesyl — 1.05 0.97 0.98
Pyrosphosphate — 0.72 1.04 —
CVIM — — 1.08 0.75
Table 3 shows that the flexibility of the full FPP molecule at the
binary and ternary complexes, given by the RMSF, is roughly the
same. Hence, the different conformation of the FPP molecule in
these two states (Fig. 4) and the presence or absence of the peptide
substrate does not alter the global flexibility of the FPP molecule.
The flexibility of the farnesyl portion of FPP, however, decreases
from 1.05 Å to 0.97 Å between these two states, but is not further
altered with the formation of the farnesylated peptide product at
the product complex. The pyrophosphate moiety, experiences a
major increase in the RMSF value from the binary complex to the
ternary complex (>40%). Hence, peptide coordination induces an
increase in the flexibility of the pyrophosphate moiety, although
decreasing the flexibility of the farnesyl portion of FPP. This higher
positional variation could be important for the chemical step that
is catalyzed by the enzyme, which involves pyrophosphate exit,
and a conformational rearrangement of the first two isoprenoid
subunits of FPP, a change that is maximal for the pyrophosphate
bound carbon 1 of the farnesyl portion of FPP, which is ultimately
connected to the Zn-bound sulfur atom of the peptide’s cysteine to
yield the farnesylated peptide product.65 FPP binding to FTase has
also been anticipated to be important for the binding of several
promising FTIs, as recently demonstrated in solution for
Lonafarnib.71

Tables 4 and 5 describe the most relevant hydrogen bonds
formed between the pyrophosphate moiety of FPP and the ac-
tive-site amino acid residues at the FTase binary and ternary com-
plexes, respectively. Only the hydrogen bonds that were present
during more than 5% of the total simulation time are included.
From the analysis of these two tables an immediate difference
arises—it concerns the total number of hydrogen bonds between
the pyrophosphate moiety and the enzyme in the two states. In
the binary complex most of the hydrogen bonds of the pyrophos-
phate moiety are established with rapidly exchanging water mole-
cules. The number of hydrogen bonds present during more than 5%
of the simulation is therefore very small. The most important of
these interactions, present during 40.7% of the simulation, is estab-
lished between the O1A oxygen atom of the pyrophosphate and
the highly-conserved amino acid residue His149b.

In the ternary complex on the other hand, the pyrophosphate
moiety is more closely packed in a positively charged pocket lo-
cated at the active-site, defined by residues Lys164a, His248b,
Arg291b, Lys294b and Tyr300 b, and significantly less exposed to
the solvent. The hydrogen bonds formed are thus less transient
than in the case of the binary complex. Accordingly, instead of only
two hydrogen bonds present during more than 5% of the simula-
tions, a total of 19 hydrogen bonds can be identified. The active-
site amino acid residues responsible for these interactions are, in
order of the corresponding percentages of occupancy, Arg291b
(66.7%), Lys164a (37.7%), Lys294b (31.9%), Tyr300b (13.7%), and
His248b (6.2%). Some of these residues establish more than one
important hydrogen bond. In particular Arg291b has three hydro-
gen bonds with a percentage of occupancy above 30%, whereas
Lys164a and Lys294b have also three hydrogen bonds each with
a percentage of occupancy above 15%. These three amino acid res-
idues are responsible for most of the hydrogen bonds that stabilize
the pyrophosphate moiety at the ternary complex. In addition to
these active-site amino acid residues, there is also an important
water molecule that establishes a strong hydrogen bond with the
O3B pyrophosphate oxygen. This hydrogen bond is present during
67.7% of the simulation and is the most prevalent of these interac-
tions with the pyrophosphate moiety. It is also the hydrogen bond
with the shortest average distance (2.73 ± 0.12 Å) and with the lon-
gest average lifetime (14 ps). The inclusion of this conserved water
molecule seems therefore paramount for a correct description of
pyrophosphate binding in the FTase active-site and for the model-
ling of the chemical step in the reaction catalyzed by this enzyme,



Figure 4. Schematic representation of the FPP conformation in the binary complex (FTase-FPP) and ternary complex (FTase-FPP-Peptide) with the indication of the most
relevant hydrogen bonds formed between the pyrophosphate moiety of FPP and the enzyme. For clarity purposes only the molecular surface of the b-subunit is shown.

Table 4
Summary of the most relevant hydrogen bonds (i.e., those present during more than 5% of the simulation) formed between the pyrophosphate moiety of FPP and the active-site
amino acid residues at the FTase binary complex (only the hydrogen bonds that were present during more than 5% of the total simulation time are included)

Donor atom Acceptor Distance (Å) Angle (�) Average lifetime (ps) % Ocuppied

Residue Atom 1 Atom 2

O1A His149b HE2 NE2 2.86 ± 0.09 148 ± 12 2.6 40.7
O2A His149b HE2 NE2 2.90 ± 0.07 159 ± 10 1.6 6.32
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which involves the transfer of the farnesyl group to the Zn-bound
sulfur atom of the cysteine residue in the peptide substrate, with
concomitant pyrophosphate exit.

Figure 5 shows the conformation of the CVIM peptide at the
FTase ternary complex and at the FTase product complex (i.e., in
the farnesylated peptide). The average position occupied by this
molecule in the MD simulations is not significantly altered with
product formation, as reported in the initial X-ray structures.70,72,73

From the analysis of Table 3 it is however evident that the flexibil-
ity of the CVIM peptide is significantly decreased with the forma-
tion of the farnesylated product (by 30%), an observation that
contrasts with the invariability observed for the farnesyl moiety,
which comprises the remainder of the farnesylated product
molecule.



Table 5
Summary of the most relevant hydrogen bonds (i.e., those present during more than 5% of the simulation) formed between the pyrophosphate moiety of FPP and the active-site
amino acid residues at the FTase ternary complex

Donor atom Acceptor Distance (Å) Angle (�) Average Lifetime (ps) % Ocuppied

Residue Atom 1 Atom 2

O2A Lys164a HZ3 NZ 2.80 ± 0.09 153 ± 14 5.4 37.7
O2A Lys164a HZ2 NZ 2.79 ± 0.09 152 ± 14 4.2 16.7
O2A Lys164a HZ1 NZ 2.80 ± 0.10 152 ± 14 4.4 15.9
O1A Lys164a HZ3 NZ 2.88 ± 0.09 152 ± 14 1.5 5.4

O2B His248b HE2 NE2 2.90 ± 0.08 160 ± 11 1.2 6.2

O2B Arg291b HE NE 2.81 ± 0.09 156 ± 10 11.9 66.7
O1A Arg291b HH21 NH2 2.84 ± 0.10 142 ± 12 2.9 53.0
O2B Arg291b HH21 NH2 2.86 ± 0.09 141 ± 8 2.4 31.3
O1A Arg291b HE NE 2.85 ± 0.09 154 ± 9 4.6 12.5
O2A Arg291b HH21 NH2 2.87 ± 0.09 152 ± 11 2.2 8.4
O1B Arg291b HE NE 2.82 ± 0.09 156 ± 11 8.6 7.3

O1B Lys294b HZ3 NZ 2.77 ± 0.10 145 ± 14 4.0 31.9

O1B Lys294b HZ2 NZ 2.77 ± 0.10 145 ± 14 3.6 19.8
O1B Lys294b HZ1 NZ 2.76 ± 0.09 144 ± 14 3.8 17.1
O2B Lys294b HZ3 NZ 2.86 ± 0.09 151 ± 13 1.7 9.9
O2B Lys294b HZ2 NZ 2.84 ± 0.09 150 ± 13 1.7 6.8

O2B Tyr300b HH OH 2.78 ± 0.12 171 ± 10 4.0 13.7
O3A Tyr300b HH OH 2.89 ± 0.08 129 ± 10 1.3 7.9

O3B H2O HH OH 2.73 ± 0.12 162 ± 10 14.0 67.7

Figure 5. Schematic representation of the conformation of the FPP and CVIM substrates at the FTase ternary complex and of conformation of the farnesylated product at the
FTase product complex. For clarity purposes only the molecular surface of the b-subunit is shown.
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2.4. Analysis of some important distances

To complement this MD analysis on the four main intermediate
states of the catalytic mechanism of FTase, the average values and
the corresponding standard deviation of a series of potentially
important distances, from the catalytic point of view, were calcu-
lated and compared for the ternary and product complex. These
comprise the distance between the Zn-bound peptide’s cysteine
sulfur atom and nine possible active-site proton acceptors, namely
Lys164a, Asp297b, Tyr300b, Asp352b, Lys353b, Lys356b, Asp359b,
Tyr361b, and Tyr365b, which eventually could act as a base to re-
ceive the proton from the Zn-bound thiol to yield a Zn-bound thio-
late.50,63,74–77 The values determined from the MD simulations are
presented in Table 6 together with the corresponding distances in
the X-ray crystallographic structures that refer to each intermedi-
ate state. The values indicated in Table 6 show a good agreement
between the MD simulations performed and the several X-ray
crystallographic structures available for each complex.

The identity of the base that receives the thiol proton upon the
change from a zinc-bound thiol to a zinc-bound thiolate remains
one of the unsettled issues in the FTase catalytic mechanism.50,63

The solvent would be the first natural option. However, as demon-
strated in the radial distribution function analysis of the water
molecules around Zn, FPP coordination and the subsequent en-
trance of the peptide substrate greatly limit direct access to solvent
molecules. Two active-site residues have been discussed and dis-
missed in the literature as possible proton acceptors. Tyr300b
was the first candidate suggested78 (average distances of
5.30 ± 0.46 Å and 5.30 ± 0.30 Å in the MD simulations, (Table 6).
Initial mutagenesis studies seemed to confirm this hypothesis by



Table 6
Comparison of the average molecular dynamics values of a series of catalytically relevant distances (calculated after the initial 500 ps of simulation) with the corresponding
values in the related X-ray crystallographic structures (resolution indicated in parenthesis, in Å)

Distances evaluated Ternary complex Product complex

MD Simulation 1QBQ (2.40) 1D8D (2.00) 1JCR (2.00) 1JCS (2.20) MD Simulation 1KZP (2.10) 1O1T (2.10)

S (Cys, Peptide)–N (Lys164a) 6.87 ± 1.71 7.13 5.71 8.26 6.65 10.55 ± 1.30 8.17 7.76
S (Cys, Peptide)–O1 (Asp297b) 3.10 ± 0.17 3.15 3.13 3.50 3.20 3.17 ± 0.17 3.29 3.29
S (Cys, Peptide)–O2 (Asp297b) 4.60 ± 0.15 4.63 4.71 4.83 4.67 4.75 ± 0.14 4.79 4.88
S (Cys, Peptide)–O (Tyr300b) 5.30 ± 0.46 5.71 5.12 5.09 5.10 5.30 ± 0.30 5.92 5.78
S (Cys, Peptide)–O1 (Asp352b) 5.21 ± 1.09 4.90 4.92 5.48 5.08 5.76 ± 0.30 4.99 5.17
S (Cys, Peptide)–O2 (Asp352b) 5.53 ± 0.76 6.36 6.04 6.61 6.12 5.87 ± 0.60 6.22 6.39
S (Cys, Peptide)–N (Lys353b) 7.35 ± 0.49 8.07 7.62 8.27 7.77 7.91 ± 0.48 7.84 7.80
S (Cys, Peptide)–N (Lys356b) 7.50 ± 1.53 7.46 6.75 8.36 7.40 10.29 ± 1.35 8.13 7.68
S (Cys, Peptide)–O1 (Asp359b) 7.23 ± 0.32 6.99 6.81 6.85 6.75 7.32 ± 0.31 6.73 7.06
S (Cys, Peptide)–O2 (Asp359b) 7.42 ± 0.45 7.14 7.28 7.15 7.34 7.52 ± 0.48 7.33 7.44
S (Cys, Peptide)–O (Tyr361b) 5.52 ± 0.41 4.76 4.92 4.22 4.83 5.23 ± 0.36 4.99 4.86
S (Cys, Peptide)–O (Tyr365b) 11.31 ± 0.59 11.07 11.32 10.38 10.93 11.20 ± 0.41 11.37 11.29
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showing that upon peptide binding in Y310bF yeast mutant
(Tyr310b in yeast FTase corresponds to Tyr300b in the mammalian
enzyme) the acidity of what seemed a thiol in a bound peptide was
enhanced 1 pKa unit less than in the wild type FTase.77 However,
subsequent mutagenesis studies have shown that the pH depen-
dence curves with peptide entrance were independent of the exis-
tence of a hydroxyl group at this position, therefore ruling out any
eventual role of this tyrosine residue in cysteine thiol deprotona-
tion.76 This last study, when considering the K164Aa mutant, dem-
onstrated the existence of an altered pH dependence of peptide
binding and a decreased affinity for the protonated peptide,
although exhibiting a similar affinity for the deprotonated spe-
cies.76 An analysis of the 4 crystallographic structures of the FTase
ternary complex with a peptide substrate and an FPP molecule (or
analogue) (PDB codes 1QBQ, 1D8D, 1JCR, and 1JCS)70,73,79 renders
an average distance of 6.94 Å between the peptide’s cysteine sulfur
and the nitrogen atom from Lys164a. The value calculated from
the MD simulation on the ternary complex is of 6.87 ± 0.96 Å,
whereas for the product complex a value of 10.55 ± 1.30 Å was
found. Despite the large standard deviation obtained from the
MD simulations for this distance and the large differences reported
between the several X-ray structures, the range of values obtained
is too large for direct interaction, suggesting that, if in fact the pep-
tide binds zinc as a thiol, the role of Lys164a would lie probably
only in stabilizing the coordination of thiol and the pyrophosphate
moiety76 and not in accepting the proton.

Residues Lys353b, Lys356b, Asp359b, and Tyr365b are at an
even larger average distance from the Zn-bound sulfur atom (Table
6). A direct role by such residues in thiol deprotonation, even in a
process mediated by a single water molecule is therefore unlikely.
Three residues were identified at distances of less than 6 Å from
the Zn-bound sulfur atom: Asp297b, Asp352b, and Tyr361b.
Asp297b is a key Zn-binding residue80–82 that assists substrate
binding and product exit events through a carboxylate-shift mech-
anism (monodentate to bidentate change and vice-versa),64–66

whereas Asp352b has been suggested to act as a magnesium li-
gand.83 The participation of the carboxylate side chain of these res-
idues seems therefore also very unlikely. The Tyr361b residue on
the other hand seems conceptually a more likely alternative. An
analysis of the 4 crystallographic structures already mentioned
for the ternary complex (pdb codes 1QBQ, 1D8D, 1JCR, and 1JCS)
and of the average MD simulation distances (Table 6) reveals that
this residue is in general at a smaller distance from the zinc bound
sulfur atom than the other two residues previously discussed in
the literature as possible proton acceptors (i.e., Tyr300b and
Lys164a).

We have also searched for possible intrinsic features of the en-
zyme that could facilitate an acid/base role by the Tyr361b residue.
The 4 crystallographic structures analyzed all show the existence
of a very strong hydrogen bond between Tyr361b and Trp303b.
In fact, in these structures the distance between the tyrosine oxy-
gen atom and the tryptophan nitrogen atom is very small and
remarkably similar, with values ranging from 2.81 Å to 2.87 Å.
The MD simulations performed are also in line with this observa-
tion, although the neutral protonation state used to model the
tyrosine residue in the simulations forecloses a direct comparison.
Globally, these features suggest that Tyr361b could be stabilized by
Trp303b as an ionized tyrosinate, ready to receive a proton from
the zinc-bound cysteine thiol. Furthermore, these structural as-
pects could implicate Trp303b as a crucial residue in a complex
hydrogen bond network which would deprotonate the cysteine
thiol to Tyr361b, and ultimately transfer the proton to a free sol-
vent molecule or even to one of the oxygens of the pyrophosphate
moiety from the FPP substrate.

A number of mutagenesis studies have analyzed the effect of
Tyr361b.78,84–86 The role of Trp303b has also been previously ex-
plored.81 However, the results have been inconclusive for these
two residues, and in some studies even contradictory. Several stud-
ies have demonstrated that Tyr361b plays an important role in
peptide binding.69,78,84,86 However, no pH dependence studies of
substrate binding were performed in mutant species at this posi-
tion. A possible role in product release has also been suggested.85

Interestingly, this residue is not conserved in the related enzyme
geranylgeranyltransferase I (GGTase I) where it has been replaced
by a residue that also possesses a hydroxyl group—a serine.78

GGTase I, which is thought to follow a very similar mechanism,
uses geranylgeranyl diphosphate (GGPP) as the isoprenoid donor
(instead of FPP) and catalyzes the prenylation of CAAX substrates
where X is typically leucine.2 Mutagenesis studies at the Trp303b
position are also coherent with a possible role in peptide coordina-
tion.81 More experimental and computational studies are neces-
sary to confirm the identity of Tyr361b as the proton acceptor.

3. Conclusions

In this study, the application of molecular dynamics simulations
with the three sets of molecular mechanical parameters specifi-
cally designed to allow a reliable treatment of the several Zn coor-
dination spheres formed during catalysis enabled a comparative
analysis of a series of catalytically relevant features for which the
influence of the atomic and molecular motion is essential, or at
least, of great importance.

In particular, the analysis of the radial distribution functions of
the water molecules around Zn in the four key-intermediate states
demonstrated the existence of intrinsic differences in the solvation
shells of the metal. At the enzyme resting state and binary complex
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there is typically a water molecule at an average interacting dis-
tance of 2.8 Å from the metal atom, which in practice enables the
existence of an equilibrium between a water-bound monodentate
(Asp297b) form and a water-unbound bidentate form, as previ-
ously suggested from computational work at the quantum level
with small active-site models61,63 and experimental EXAFS re-
sults.58 In the ternary and product complexes, however, the aver-
age interaction distance for the first solvation shell is
significantly higher (4.2–4.3 Å), foreclosing a carboxylate shift
equilibrium such as the one outlined for the resting state and bin-
ary complex. These features could be of particular interest for drug
development efforts, as targeting the interaction with the catalytic
Zn ion to develop more potent FTase inhibitors is one of the strat-
egies currently underway.87

This study has also shown that peptide coordination results in a
very important increase in the flexibility of the pyrophosphate
moiety of FPP, while simultaneously decreasing that of the farnesyl
portion. This unusually high increase in the positional variation of
the pyrophosphate moiety may be of relevance for the chemical
step, a process in which the pyrophosphate bound carbon 1 expe-
riences a major conformational change, ultimately resulting in the
formation of a bond between this atom and the Zn-bound peptide
sulfur atom, with simultaneous exit of the pyrophosphate moiety.

In addition, the analysis of the hydrogen bonds surrounding the
pyrophosphate moiety of the FPP molecule at the FTase binary and
ternary complex has shown two rather different hydrogen bonding
patterns. At the binary complex most of these interactions are
established with rapidly exchanging water molecules. The only
exception is the highly-conserved amino acid residue His149b. At
the ternary complex however the hydrogen bonds formed are less
transient. Five amino acid residues and in particular a conserved
water molecule contribute to pyrophosphate stabilization. The
most important interactions with the enzyme are established with
the amino acid residues Arg291b, Lys164a and Lys294b. The amino
acid residues Tyr300b and His248b also contribute to the process,
however, through significantly more short-lived and weaker
hydrogen bonds.

The MD simulations performed together with the available
experimental information have also allowed us to propose Tyr361b
as the active-site residue that receives the proton from the zinc-
bound thiol following peptide coordination in the process that
yields the more stable zinc-bound thiolate. More computational
and experimental studies are required to fully understand the cat-
alytic mechanism of FTase at the atomic level.
4. Methodology section

The AMBER 8.088 molecular dynamics package was used in all the
molecular dynamics simulations performed. The systems were
prepared for each of the four intermediate states of the FTase cat-
alytic mechanism (Fig. 1) from the crystallographic structures with
the best resolution for each state, namely 1FT1 (Enzyme resting
state),56 1FPP (binary complex FTase-FPP),69 1JCR (ternary complex
FTase-FPP-Peptide),70 and 1KZP (product complex).72 The peptide
substrate CVIM from the structure 1D8D73 was later modelled into
the 1JCR active site, at the position of the non-substrate peptide
inhibitor CVFM.

Conventional protonation states for all amino acids at pH 7
were considered. All the hydrogen atoms were added and coun-
ter-ions (Na+) were employed to neutralize the highly negative
charges of the systems (ranging from �20 to �24). The Leap pro-
gram was used in this regard. The systems were then placed in
rectangular boxes containing a minimum distance of 15 Å of TIP3P
water molecules between the enzyme and the box side. The size of
these four systems was of ca. 140,000 atoms.
Three different sets of parameters55 specifically designed to al-
low a reliable treatment of the three different Zn coordination
spheres formed during catalysis and based on DFT (B3LYP) and
molecular mechanical calculations,61,63–65 crystallographic
data,56,70,72 extended X-ray absorption fine structure (EXAFS) re-
sults,58 and on several other more recent mechanistic stud-
ies76,83,89,90 were applied to the four-key states of the FTase
catalytic pathway. These parameters are described in detail else-
where, together with the parameterization and validation meth-
ods, and with the premises adopted,55 and have been already
used with success in the study of FTase.65,91,92

All systems were subjected to a 4-stages refinement protocol
using the SANDER module of AMBER 8.0, in which the constraints
on the enzyme were gradually removed. In the first stage (10,000
steps), 50 kcal/mol/Å2 harmonic forces were used to restrain the
positions of all atoms in the systems except the ones from the
water molecules. In the second stage (10,000 steps) these con-
straints were applied only to the heavy atoms, and in the third
stage (30,000 steps) were limited to the CA and N atom-type atoms
(backbone alfa carbons and nitrogens). This process ended in a full
energy minimization (4th stage, maximum 80000 steps) until the
rms gradient was smaller than 0.02 kcal/mol.

MD simulations on the four systems were carried out using the
SANDER module of AMBER 8.0, and considering periodic boundary
conditions to simulate a continuous system. The SHAKE algoritm93

was applied to fix all bond lengths involving a hydrogen bond, per-
mitting a 2-fs time step. The Particle-Mesh Ewald (PME) method94

was used to include the long-range interactions, and a non-bond-
interaction cutoff radius of 10 Å was considered. Following a
40 ps equilibration procedure, 10 ns MD simulations were carried
out at 300 K for each of the 4 systems (a total of 40 ns), using Ber-
endsen temperature coupling95 and constant pressure (1 atm) with
isotropic molecule-based scaling. The MD trajectory was sampled
every 0.2 ps. All of the MD results were analyzed with the PTRAJ
module of AMBER8.0.
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