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Abstract Protein farnesyltransferase (FTase) is an important
target in many research fields, more markedly so in cancer
investigation since several proteins 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 (FTIs) have advanced into
clinical testing. Nevertheless, despite the progress in the field
several functional and mechanistic doubts on the FTase cata-
lytic activity have persisted. This work provides some crucial
information on this important enzyme by describing the ap-
plication of molecular dynamics simulations using specifical-
ly designed molecular mechanical parameters for a variety of
22 CaaX peptides known to work as natural substrates or
inhibitors for this enzyme. The study involves a comparative
analysis of several important molecular aspects, at the mech-
anistic level, of the behavior of substrates and inhibitors at the
dynamic level, including the behavior of the enzyme and
peptides, as well as their interaction, together with the effect
of the solvent. Properties evaluated include the radial distri-
bution function of the water molecules around the catalytically
important zinc metal atom and cysteine sulfur of CaaX,
the conformations of the substrate and inhibitor and the
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corresponding RMSF values, critical hydrogen bonds, and
several catalytically relevant distances. These results are dis-
cussed in light of recent experimental and computational
evidence that provides new insights into the activity of this

enzyme.
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Introduction

Protein farnesyltransferase (FTase) has received much atten-
tion in the past few years for its importance in the context of
cancer and more recently in parasitic and viral infections.
FTase is a heterodimer consisting of a 48 kDa a-subunit and
a 46 kDa {3-subunit [1-5]. This enzyme contains a single
zinc ion per protein dimer [6] that is essential for its catalytic
activity [7]. FTase catalyses the post-translational addition
of a hydrophobic isoprenoid farnesyl moiety from farnesyl
diphosphate (FPP) to a cysteine residue of a protein sub-
strate containing a typical -CaaX motif at the carboxyl
terminus. In this conserved motif C represents the cysteine
residue that is farnesylated, “a” is an aliphatic amino acid,
and X represents the terminal amino acid residue, usually
alanine, serine, methionine, or glutamine [8]. This process,
called farnesylation, is a particular type of a more general
form of lipid modification called protein prenylation that has
been shown to be critical for the biological function of
several proteins involved in signal transduction, as it is very
important in membrane association and in protein-protein
interactions [9]. Small variations in this CaaX motif transform
the resulting peptides into substrates of different affinity, or
into non-substrates/inhibitors for FTase.
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The discovery that the Ras proteins are modified by
FTase and involved in the Akt signaling pathway that pro-
motes cell proliferation, and mainly the fact that such mod-
ification is essential for the oncogenic forms of these
proteins to be able to transform cells [10—12], has promoted
widespread interest in protein farnesylation. Mutant Ras
proteins (mutant H-, N- K-Ras) are responsible for about
30 % of all human cancers [13, 14]. They are particularly
prevalent in pancreatic adenocarcinomas (implicated in ca.
90 % of all cases reported), colon adenocarcinomas and
adenomas (ca. 50 %), lung adenocarcinomas (ca. 30 %),
myeloid leukemias (ca. 30 %), and melanomas (ca. 20 %)
[13—18]. In fact, mutations of the ras gene are early events in
the development of cancer. The different Ras proteins differ
between each other, among other features in the amino acid
composition of their CaaX motif, and play a pivotal role in
the transduction of cell growth-stimulating signals. Muta-
tion of the ras gene leads to constant activation of the
protein, ultimately resulting in uncontrolled cell prolifera-
tion [19]. Thus, blocking Ras proteins farnesylation quickly
developed as a very promising strategic approach for the
development of new anticancer drugs — the farnesyltrans-
ferase inhibitors (FTIs) [20-24]. By inhibiting Ras farnesy-
lation, a blockade of the signal transduction pathway is
accomplished with cessation of cell growth, ultimately
resulting in cell growth arrest [21]. By doing so, FTIs are
an emerging class of biologically active anticancer drugs.
The exact mechanism of action of this class of agents is,
however, currently unknown. In preclinical models, farne-
syltransferase inhibitors showed great potency against tumor
cells; yet in clinical studies, their activity was far less than
anticipated [20, 21, 25, 26].

K-Ras, the most frequently mutated form of Ras in hu-
man cancers, which contains the CaaX motifs CVIM and
CIIM, is able to bypass the FTI blockade through cross-
prenylation by the related enzyme geranylgeranyltransferase
I (GGTase I) [27-29]. Indeed, GGTase I targets a very large
number of CaaX proteins that are important for cellular
viability. The inhibition of this enzyme induces too many
toxic effects to be used as a practical strategy, limiting the
therapeutic benefit that might be gained by inhibiting onco-
genic K-Ras through dual prenyltransferase inhibitor therapy
[30].

A structural analysis of most important FTIs shows that
all of them bind the FTase active site at the position occu-
pied by the Caa portion of the CaaX peptide substrate motif,
leaving free the X residue binding pocket (sometimes re-
ferred to as the “specificity pocket”) that accounts for the
binding specificity of FTase in relation to GGTase I (as both
enzymes differ on the preference for low affinity peptides
with different amino acid residues at this position) [20]. In
addition, the X-ray crystallographic structures for the FTase-
FPP-FTI complexes reveal that the main inhibitors are only
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60-70 % buried by FTase and FPP molecules, leaving
enough room available for the addition of extra functional
groups, as a strategy to modulate important aspects such as
toxicity, bioavailability, or stability, without significantly
affecting the specificity or the ability to bind of these com-
pounds. These aspects should be explored in the develop-
ment of more effective FTIs [20, 22, 31-33].

The work here described represents a new outlook for
FTase inhibition in a detailed and integrated molecular
dynamics analysis of a set of 22 CaaX tetrapeptides in an
attempt to rationalize several aspects occurring at the
active-site of the enzyme, in particular substrate binding
(both FPP and the peptide). The knowledge gained from
this analysis yields key clues for a more global understand-
ing of the binding and inhibition mechanism played by
these peptides.

Computational methods

The AMBER 10.0 molecular dynamics package was used in
all the molecular dynamics (MD) simulations performed for
the complexes formed between FTase, FPP, and the 22
CaaX peptides evaluated. The 22 systems were prepared
from the crystallographic structures with the best resolution,
namely 1D8D (enzyme-CVIM) [34], ITN7 (enzyme-CVIF)
[35], 1JCR (enzyme-CVFM) [36], and 1TN8 (enzyme-
CVLS) [35] (Table 1). The structures of those CaaX-
complexes that were not available from the PDB, were
modeled from the X-ray structure of the FTase complex
with the most similar tetrapeptide, as indicated in Table 1.
In some cases, FPP had to be modeled at the position of a
FPP analogue, according to the PDB file used.

Conventional protonation states for all amino acids at pH
7 were considered. FPP was modeled in the deprotonated
form. All the hydrogen atoms were added and counter-ions
(Na") were employed to neutralize the highly negative
charges of the systems (ranging from —18 to —20). The Leap
program was used for this purpose. Each of these systems
was then placed in rectangular boxes containing a minimum
distance of 12 A of TIP3P water molecules between the
enzyme and the box side. The size of these 22 systems was
of ca. 100,000 atoms.

A set of parameters specifically designed to allow a
reliable treatment of the Zn coordination sphere formed
during catalysis and based on DFT (B3LYP) and molecular
mechanical calculations [37-39], crystallographic data [36,
40, 41], extended X-ray absorption fine structure (EXAFS)
results [42], and on several other more recent mechanistic
studies [43—48] were applied to the systems in study (Table 1).
These parameters are described in detail elsewhere [49] and
have been already used with success in the study of FTase [33,
50-53]. All systems were subjected to a four-stages
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Table 1 Summary of the experimental data and computational results obtained from the analysis of the MD simulations for all the 22 CaaX

tetrapeptides evaluated

Type CaaX Natural PDB ) (OF Reference  CaaX Average end-to- ~ Number of hydrogen
tetrapeptide  substrate code (uM) RMSF (A)  end distance (A)  bonds with the FPP
pyrophosphate group
High affinity CVFM 1JCR <0.10  [59] 0.99+0.40 10.20+0.47 34
CVYM 1JCR 0.10  [59] 0.50+0.16 10.17+0.51 24
CIIM K-RasA 1D8D 0.15 [59, 60] 0.70+0.23 10.47+0.40 36
CAIM Lamin B 1D8D 0.15 [59, 60] 0.56+0.17 10.29+0.49 37
CVVM N-Ras 1JCR 0.15  [60] 0.79+0.32 11.20+1.00 39
CVIM K-RasB 1D8D 0.15 [59, 60] 0.45+0.13 10.36+0.47 36
CVLM 1TN8 0.15  [60] 0.46+0.17 9.77+0.50 29
CSIM Lamin A 1D8D 0.20  [60] 0.52+0.18 10.01+0.57 17
Intermediate affinity =~ CIFM 1JCR 026  [59] 0.72+0.30 9.58+0.41 27
CIIC 1TN8 0.35  [60] 0.86+0.32 10.07+0.50 19
CIIS 1TN8 0.35  [60] 0.76+0.30 10.28+0.54 34
CVCM 1JCR 038  [59] 0.57+0.18 10.00+0.49 29
CVWM 1JCR 0.40  [59] 0.44+0.13 10.27+0.47 38
CVIF 1TN7 0.55  [59] 0.46+0.17 9.75+0.38 29
CFIM 1D8D 0.55  [59] 0.65+0.21 9.99+0.38 27
Low affinity CVIS Transducin ~ 1TN8 1 [59, 60] 0.50+0.17 9.98+0.46 23
CCIF 1TN7 2.8 [59] 0.81£0.29 9.57+0.44 24
CVLS H-Ras 1TN8 3 [59, 60] 0.56+0.18 9.95+0.41 29
CVIA 1D8D 5 [60] 0.84+0.29 11.37+0.96 39
CVIL Rap2B 1D8D 11 [60] 0.58+0.22 9.98+0.47 18
CLIL 1D8D 17 [60] 0.53+0.20 11.12+0.33 38
CAIL ID8D 100 [60] 0.60+0.20 10.88+0.48 23

#all values were determined under the same experimental conditions, as described in [59, 60]

refinement protocol using the SANDER module of AMBER
10.0, in which the constraints on the enzyme were gradually
removed. In the first stage (10,000 steps), 50 kcalmol ' A~
harmonic forces were used to restrain the positions of all
atoms in the systems except those from the water molecules.
In the second stage (10,000 steps), these constraints were
applied only to the heavy atoms, and in the third stage
(30,000 steps) were limited to the C, and N atom-type atoms
(backbone a-carbon and nitrogen atoms). This process ended
in a full energy minimization (4th stage, maximum 80,000
steps) until the rms gradient was smaller than 0.02 kcalmol .

MD simulations were carried out using the PMEMD
module of AMBER 10.0, and considering periodic boundary
conditions to simulate a continuous system. The SHAKE
algorithm was applied to fix all bond lengths involving a
hydrogen atom, permitting a 2-fs time step. The Particle-
Mesh Ewald (PME) method was used to include the long-
range interactions, and a non-bond interaction cut-off radius of
10 A was considered. Following a 100 ps equilibration pro-
cedure, 10 ns MD simulations were carried out at 300 K using
the Berendsen temperature coupling scheme at constant pres-
sure (1 atm) with isotropic molecule-based scaling, resulting

in a total simulation time of 220 ns. The MD trajectory was
sampled every 2.0 ps. All of the MD simulations were ana-
lysed with the PTRAJ module of AMBER 10.0, with values
retrieved from the last 8 ns of the simulation.

Results and discussion
Experimental ICs, values

ICs represents the half maximal inhibitory concentration
and corresponds to the quantity of a particular drug or
inhibitor that is required to inhibit a given biological process
by half. It is therefore a measure of the effectiveness of a
compound in inhibiting a biological or biochemical function
such as the activity of an enzyme, with lower ICsq values
indicating more effective compounds. Taking into account
the experimental ICs(, values described in the literature and
the MD simulations performed (Table 1), we searched for
potential features that could point out possible inhibition
mechanisms and to influence the binding ability of the
different tetrapeptides. For this purpose, we have decided
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to group CaaX tetrapeptides as potential high affinity pep-
tides (ICso values ranging between 0.10 and 0.20 uM),
intermediate affinity peptides (ICsy values ranging 0.26—
0.55 uM) and low affinity peptides (ICsy values above
1.0 uM).

RMSd analysis

Figure 1 illustrates the C, root mean square deviation
(RMSd) variation with time in all the MD simulations
performed. The results show that all the systems are well
equilibrated after the initial 2 ns in both simulations. In
agreement with this observation the last 8 ns on all simu-
lations were taken into consideration for the calculation of
the values in the subsequent sections.

RMSF analysis

A root mean square fluctuation (RMSF) analysis allows an
identification of the more flexible regions and also a

Fig. 1 RMSd representation of
the protein C, atoms as a

a

comparison of the relative flexibility of different parts of a
system. In this study, we have analyzed the flexibility
changes during the MD simulations in an attempt to reveal
some important trends for each of the tetrapeptides. RMSF
analysis shows an immediate feature concerning the se-
quence similarity of CaaX tetrapeptides and the variation
pattern of RMSF values (Figs. 2 and 3). For each group of
tetrapeptides, the RMSF at the C, of each residue was taken
into consideration for the determination of the average flex-
ibility for each helix (FTase has a total of 29 helices — 15 in
the «-subunit and 14 in the (3-subunit — as illustrated in
Fig. 2). The flexibility of the C, amino acid residue along
the CaaX sequence for each tetrapeptide was compared for
each one of these classes of tetrapeptides (Fig. 3). These
representations were further complemented with a tridimen-
sional view on the average flexibility patterns associated to
each of these three groupings (Fig. 4).

Analysis of the general flexibility pattern of FTase o and
{3 subunit helices (Fig. 2) and of the tetrapeptides (Fig. 3)
and the corresponding tridimensional view (Fig. 4) allows a

High Affinity Tetrapeptides

function of time for the 22
FTase MD simulations with
the CaaX peptides grouped
into: a high affinity
tetrapeptides; b intermediate
affinity tetrapeptides; ¢ low
affinity tetrapeptides
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Fig. 2 RMSF analysis for all the amino acid residues along the FTase
sequence calculated for the last 8 ns of the MD simulations performed
for each of the 22 FTase-tetrapeptide complexes. The values for each

definition of some common patterns concerning the locali-
zation of the most flexible regions in both subunits and of
the tetrapeptide itself. In general, these representations show
that the active-site region, including the Zn coordination
sphere and the amino acid residues that account for most
of the interactions with the peptides, have a low average
flexibility compared with the remaining of the enzyme. In
contrast, some regions with higher flexibility are observed at
the surface of the enzyme, mainly in the (3-subunit (Fig. 4).

In respect to the CaaX putative FTase low affinity pep-
tides, with high ICso values (CVIA, CVIL, CCIF, CLIL,
CAIL, CVIS and CVLS), they present, in general, higher
RMSF values (Tables 1 and 2). Five of the seven low
affinity peptides considered have average RMSF values
between 0.56 and 0.84 Angstroms. The exceptions are CVIS
(0.50) and CLIL (0.53). In CVIA, CCIF, CLIL, CVIS and
CVLS, the most flexible helices emerge on the enzyme’s

1 2 3 4 5 6 7 & 9 10 u 12

helices in B-subunit

helix refer to the average values calculated for all the amino acid
residues present in each helix

surface, not resembling any critical role in the flexibility of
the active site. Only in CVIL the 14 helix is found in the
vicinity of the active site and the last two residues (isoleucine
and leucine) show low RMSF values when compared to the
first two residues. The same pattern is observed in CCIF
relatively to the flexibility of the tetrapeptide. A more detailed
analysis demonstrates that for both o« and 3 subunits, there is
a reasonable consistency in the pattern of CaaX tetrapeptides
in terms of RMSF variation, as it can be observed, for
instance, for lo, 2, 3, 4oc and So helices. Such pattern
can reveal itself important for this parameter for the distinc-
tion between low and intermediate to high affinity peptides.
Table 3 presents the average RMSF values for each helix in
each of the groups of peptides analyzed.

Concerning the putative high affinity peptides (CVIM,
CIIM, CAIM, CSIM, CVFM, CVYM, CVVM and CVLM),
all of them differ in the second or third residue. These
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Fig. 3 RMSF analysis for all
the four amino acid residues

High Affinity Tetrapeptides

along the CaaX sequence 0= —CVFM
for each of the 22 FTase- S
tetrapeptide complexes -t 04
evaluated, calculated from E; ——CAIM
the last 8 ns of the MD w03
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C A A X
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0.0 T

tetrapetides tend to present lower RMSF values, on average
(Table 2), than the other two groups of tetrapetides. Five of
the eight high affinity peptides analyzed have average
RMSF values between 0.45 and 0.56 Angstrom. The excep-
tions are CIIM (0.70), CVVM (0.79) and most of all CVFM
(0.99). Analyzing the individual helices in detail, it can be
observed that in CAIM the most flexible helices are 4o and
143 (Fig. 2), close to the active site and the same occurs
with 143 helix of the enzyme with which CIIM is interact-
ing. Moreover, these two peptides show a similar variation
pattern in RMSF values along the tetrapeptides chain with
the lowest values in the two last residues (see Fig. 3). The
other mentioned tetrapeptides do not seem to induce a high
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flexibility in the enzyme, particularly in the active site, since
the most flexible helices are exposed to the surface, in
contact with solvent, a pattern already observed for the last
peptides mentioned. Interestingly, CAIL, previously defined
as a low affinity peptide according to its ICs, value, shows
similar behavior — the most flexible helices are in relative
proximity to the active site. From this group, only CVFM
and CVVM show high RMSF values for the tetrapeptide
and CVFM in particular, shows the highest RMSF values of
all, both for the helices of the enzyme and for the tetrapep-
tide itself, an aspect that can be of crucial importance since
peptide coordination induces an increase in the flexibility of
the pyrophosphate moiety, although decreasing the
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Fig. 4 Tridimensional

Flexibility (in terms of RMSF)

representation of the average
RMSF values for each class of
peptides, as calculated from the
last 8 ns of each of the 22 MD
simulations performed. a high
affinity peptides; b intermediate
affinity peptides; ¢ low affinity
peptides

’ a-subunit
\r’%‘ FPP

flexibility of the farnesyl portion of FPP. Interestingly, this
peptide has been shown to be the most potent CaaX tetra-
peptide inhibitor [20].

Finally, for the presumed intermediate affinity peptides
(CIIC, CIIS, CVIF, CFIM, CVWM, CVCM and CIFM), the
analysis is reasonably eased, although the range of average
flexibility for each tetrapeptide is quite significant (Table 1).
In all of them, at least one of the most flexible helices is
relatively close to the active site. In addition, for CIIC, CIIS,
CFIM and CIFM, they present intermediate-to-high RMSF
values for these four tetrapeptides, which, concomitantly
with the results for the helices, opposes the behavior pre-
sented by putative low affinity peptides.

Considering the high RMSF values observed for low
affinity peptides, we can establish that such feature is in
agreement with the previous observation that peptide

Table 2 Summary of the average results obtained from the analysis of
the MD simulations for the different groups of CaaX tetrapeptides
evaluated

Type Average Average Average number of
CaaX end-to-end hydrogen bonds with
RMSF (A) distance (A)  the FPP pyrophosphate
High affinity 0.62 10.3 31.5
Intermediate 0.64 10.0 29.0
affinity
Low affinity 0.63 10.4 27.7

Low T

7{‘?“ B-subunit
CAAX . e Zn
_ tetrapeptide

W High

coordination causes a decrease in the flexibility of the whole
enzyme, which would be followed by an increase in flexi-
bility that takes place upon product formation, if any, al-
though the main structural and dynamical properties of the
active site are not significantly altered [50, 52]. These events
lead to major changes in flexibility at the most external
regions of the enzyme because a relatively small change at
the active site is amplified into a much more significant
alteration at the external surface of the enzyme, and this
can possibly be an explanation of what is observed in
surface helices [52]. Moreover, it is known that peptide
coordination induces a decrease in the flexibility of the
farnesyl portion of FPP [50, 52]. On the other hand, at least
for some intermediate affinity peptides, we can observe that
the most important alterations occur in the vicinity of the
active-site. 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 [54].
Moreover, it is clear for the majority of the cases that the
most flexible helices are 12 and 43 (Fig. 2). Interestingly,
these helices have a lower percentage of highly-conserved
residues (0—15 %), as previously described [52]. In fact, the
magnitude of the changes induced by the alterations taking
place at the active-site are particularly large for a set of
poorly conserved helices located considerably away from
the active site, in particular for helices 12« and 4f3. As is
observed, the induction of the enzyme’s flexibility by po-
tential FTase inhibitors or natural substrates with these
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Table 3 Summary of the average RMSF results (in Angstrom) and
standard deviation errors for the different o« and (3 subunit helices
depending on the affinity of the tetrapeptides. Some peptides were

excluded due to the disparity of the profiles: CVFM and CVVM for
the high affinity peptides; and CCIF and CVIL for the low affinity
peptides

Helices o subunit f subunit
High affinity Intermediate affinity Low affinity High affinity Intermediate affinity Low affinity

1 6.30+0.89 7.90+2.51 7.24+0.60 6.02+1.47 7.73+1.75 5.72+1.22
2 5.96+0.73 7.11£2.03 6.75+0.94 5.90+2.02 7.39+1.84 5.17+0.98
3 5.06+0.65 6.60+1.64 5.88+1.08 4.13+1.21 5.04+1.38 3.77+0.50
4 5.77+1.22 6.06+1.53 5.54+1.37 6.18+1.47 7.74+2.39 6.05+0.56
5 4.49+0.93 5.37+1.54 4.41+£1.25 4.14+1.00 5.04+1.54 4.00£0.18
6 5.56+1.80 5.69+1.62 4.73£1.13 5.66+1.01 7.38+1.84 5.74£1.03
7 4.25+1.51 4.76+1.56 3.58+0.93 3.74+0.88 4.52+1.05 3.46+0.67
8 6.25+2.04 6.93+£2.35 5.37+0.56 4.31£1.26 5.26+1.03 3.82+0.79
9 4.83£1.56 5.66+1.69 4.15+0.50 2.64+0.65 2.91+0.50 2.35+£0.44
10 7.01+1.81 8.64+2.64 6.66+0.65 3.36+0.48 4.10+1.25 3.64+0.28
11 5.00+1.08 6.23+1.90 4.86+0.60 4.34+0.91 4.54+1.14 4.13+£0.72
12 7.59+1.39 9.67+3.04 7.83+0.78 4.25+1.11 5.60+1.40 4.19+£1.29
13 5.92+0.88 7.53+£2.41 6.50+0.55 3.39+1.13 3.99+1.08 3.01+0.71
14 6.45+1.10 8.52+2.66 7.64+0.65 6.30+1.90 6.82+1.99 5.52+1.03
15 5.66+0.79 6.87+2.00 6.48+0.61

particular regions should be taken into account for the
development of more specific inhibitors. Also by the anal-
ysis of Fig. 3, the third residue of the tetrapeptide is the one
which exhibits the lower RMSF value in most cases, while
the higher can be any of the others, depending on the
particular peptide composition. This viewpoint suggests a
presumed important role and is biologically significant of
the third residue in the peptide stabilization at the active site
and possibly in the design of more potent FTIs.

A more comprehensive scrutiny of Fig. 2 shows a very
consistent pattern for both & and 3 subunits and simultaneous-
ly the most reliable panorama of all groups of peptides. Once
again, this pattern proves to be quite consistent for the distinc-
tion between intermediate and high affinity peptides, in par-
ticular. A more heterogeneous patter for CaaX amino acids
can be observed from the analysis of Fig. 3.

Because of the difficulty in the investigation of similar
patterns between the tetrapeptides known to have similar
ICsq values, the relation between a given flexibility pattern
and the behavior of the tetrapeptide as an inhibitor or a simple
substrate of FTase remains uncertain, though some features
could be established. Thus, together with the RMSF analysis,
more aspects of the interaction need to be clarified in order to
establish a relationship with the inhibitory profile.

Analysis of some important hydrogen bonds
between water molecules and FPP

Another important feature concerning peptide association
are the hydrogen bonds established between the
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pyrophosphate moiety of FPP and water molecules and
surrounding amino acid residues, as FPP is known to form
an important part of the binding pocket for the CaaX sub-
strates. Table 1 indicates the most relevant hydrogen bonds
formed with the pyrophosphate moiety of FPP and some
water molecules and amino acid residues that seem to be
important for the association mechanism. Only the hydrogen
bonds that were present during more than 5 % of the total
simulation time are included.

From the analysis of Table 1, an immediate difference
arises concerning the total number of hydrogen bonds sta-
bilizing the oxygen atoms of the pyrophosphate moiety of
FPP for each tetrapeptide, as can be observed, for instance,
for CVVM (39 hydrogen bonds) and CSIM (17 hydrogen
bonds). In order to optimize the analysis and obtain a more
comprehensive view, we have established a distribution
pattern by which the peptides are organized according to
intervals of the number of hydrogen bonds (Table 1). From
this distribution, we ascertain a group of peptides, namely
CVIL, CSIM, CAIL, CVIS, CVYM, CCIF and CIIC that
establish 17 to 24 hydrogen bonds, another group, specifi-
cally CVLM, CVLS, CVCM, CIFM, CVIF and CFIM with
27 to 29 hydrogen bonds and finally the most ample group
that comprises some peptides such as CLIL, CVFM, CVWM,
CVVM, CVIA, CIIS, CVIM, CIIM, CAIM, that exhibit 34
and 39 hydrogen bonds. According to experimental data (ICs
values), an immediate correlation can be made.

Indeed, the analysis of the first group demonstrates that
most peptides present are low affinity peptides. On the other
hand, the second group above is constituted by
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intermediate- to-high affinity peptides, although most of
them are considered to be of intermediate affinity and in
particular CVLM is pointed to be a higher affinity peptide
than the remaining ones. The third group is mostly com-
prised of high affinity peptides (lowest ICs, values), with
only some exceptions. This analysis allows one to discrim-
inate between peptides that may function as low affinity
peptides, corresponding to the first group, those peptides
with an intermediate activity, that includes the second group,
and finally the third group which embrace CaaX tetrapep-
tides with a higher affinity, although some exceptions can be
observed. In addition, the procedure also allowed the pep-
tides that establish a significant number of hydrogen bonds
to be grouped according to the specific pattern above de-
scribed. Most of the high affinity peptides exhibit hydrogen
bonds with percentages of occupancy above 50.0 % such as
CVCM, CVIF, CVFM, CIIC, CFIM, CVWM, CVVM and
CVIM (Table 1). Therefore in these peptides, the pyrophos-
phate group from the FPP is highly stabilized, with the FPP
pyrophosphate moiety in a position that favors the formation
of hydrogen bonds with water molecules and amino acid
residues at the binding pocket.

Previous modeling studies have shown that the pyrophos-
phate moiety of FPP undergoes a major increase in the
flexibility induced by peptide coordination, although the
flexibility of the farnesyl portion of FPP decreases. This
higher positional variation seems to be important for the
chemical step catalyzed by the enzyme involving pyrophos-
phate 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 originate the farnesylated
peptide product [5, 50]. On the other hand, computational
evidence has proved that in the binary complex, most of the
hydrogen bonds of the pyrophosphate moiety are estab-
lished with rapidly exchanging water molecules and there-
fore the number of persistent hydrogen bonds is very small
[50]. The analysis of Table 1 on this point has demonstrated
a good correlation between the binding affinity of some
peptides and the number of hydrogen bonds between the
pyrophosphate moiety of FPP and water molecules around.
The average values presented in Table 2 further confirm
these conclusions.

These observations suggest a possible mechanism by
which the CaaX inhibitors tend to establish a greater number
of hydrogen bonds that would be less transient and would
stabilize the pyrophosphate moiety in such a way that the
ternary complex (FTase-FPP-CaaX) would become more
stable and the farnesylation reaction that occurs during the
catalytic mechanism, would be less likely to happen and
would occur more slowly. Therefore, the quantity of farne-
sylated product formed would be lower. Additionally, we

can speculate that a higher number of hydrogen bonds
would also decrease the flexibility of pyrophosphate moiety,
since we assume that these would be less transient and that
therefore would present a higher average lifetime, meaning
that the increase of flexibility of the pyrophosphate moiety
would be less pronounced.

Analysis of some important hydrogen bonds
between enzyme residues and FPP

Table 4 describes the most relevant hydrogen bonds formed
between active-site amino acid residues and FPP and pyro-
phosphate moiety of FPP. Only the hydrogen bonds that
were present during more than 30 % of the total simulation
time are included in this particular table. For a more com-
prehensive panorama, we have also determined the nature of
interactions between FPP and water by including the anal-
ysis of the hydrogen bonds that were present during more
than 30 % of the total simulation time between oxygen atoms
of pyrophosphate moiety of FPP and water molecules.

From the analysis of Table 4, an immediate feature can be
established concerning the nature of the amino acid residues
that are present at the active site. Some of these residues
form a positively charged pocket that is defined by the
amino acid residues Lys164«, His248(3, Arg291(3, Lys294f3
and His201«, which are significantly less exposed to the
solvent. These amino acid residues, mainly Lysl64«,
Arg291f3, and Lys294(3, have already been pointed out to
play some role in FPP binding at the binary complex and are
more sensitive to pyrophosphate removal, which occurs
with the formation of the product complex [50].

Previous computational work has shown low RMSF val-
ues for this residue in the FTase product state, demonstrating
that the flexibility of this residue is sensitive not only to the
pyrophosphate position, but also to the conformation of the
remaining portion of FPP. These results also highlighted
Lys164a as the most important pyrophosphate stabilizing
residue in the FTase catalytic cycle [50], as it is the residue
that establishes the highest number of hydrogen bonds,
although usually with low percentages of occupancy (10—
20 %), and that reacts more strongly to the alterations taking
place at the active-site.

In order to analyze the behavior and establish a distribu-
tion pattern of all peptides, we have analyzed the MD
simulations and the effect of solvent on FPP binding pro-
moted by peptide coordination. In addition, we have focused
on the nature of hydrogen bonds that are established be-
tween each amino acid residue and FPP and water mole-
cules with the oxygen atoms of the pyrophosphate moiety of
FPP in order to find a potential pattern.

For the group identified as low affinity peptides, we
observed a persistent hydrogen bond established between
Arg291f and the Ol1A and O2B pyrophosphate oxygen
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Table 4 Summary of the most relevant hydrogen bonds formed be-
tween the FPP molecule and the active-site amino acid residues and
water molecules. Only the amino acid residues with an occupation

score above 30 % and water molecules with an occupation score
superior to 50 % are depicted. AMBER standard nomenclature used
in atomic description

acceptor donor atoms acceptor donor atoms acceptor donor atoms
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
02B Arg2918  HH21 NH2 78.12 01B Arg291p  HH21 NH2 46.20 024 Tyr3008 HH OH 75.17
O1B Arg291B HH21 NH2 53.65 O1B H.0 Hl1 o 70.53
O1A H0 H2 [¢] 56.85 02B Arg291B HH21 NH2 61.22
02B H0 Hl o 50.10
acceptor donor atoms % acceptor donor atoms % acceptor donor atoms %
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
01B Arg291B HH21 NH2 79.28 O1A Arg291B HH21 NH2 82.40 02B Arg291p  HH21 NH2 36.65
02B Arg291B HE NE 76.73 o1 His2483 HE2 NE2 76.48 02A Tyr3008 HH OH 33.30
02B Arg291B HH21 NH2 75.20 02A H0 H1 o 57.38 02A Arg291p HH21 NH2 33.02
02B His248B HE2 NE2 62.30 O1A H0 Hl1 o 53.22
02A Tyr3008 HH OH 49.97 O1A Arg291B HE NE 51.50
acceptor donor atoms % acceptor donor atoms % acceptor donor atoms %
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
01B Arg291B HH21 NH2 50.38 02B Arg291B HH21 NH2 74.15 02B Arg291B HH21 NH2 94.85
02B H.0 H2 o 69.67
acceptor donor atoms % acceptor donor atoms % acceptor donor atoms %
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
02B Arg291B HH21 NH2 85.10 O1B HO0 Hl1 (¢} 82.82 02B Arg2918 HH21 NH2 77.05
02B HO0 H2 o 59.20 02B Arg291B HH21 NH2 78.90 02B Arg2918 HE NE 76.38
02B Arg291pB HE NE 53.85 O1B Arg291p HH21 NH2 76.13 03B H.O HI1 [¢] 76.38
03B Tyr3008 HH OH 47.28 02B Arg291B HE NE 73.00 O1A H.0 H1 o 73.83
O1B Arg291B HH21 NH2 45.00 O1A H.0 H2 o 70.23 03B Tyr3008 HH OH 63.88
03A His2488 HE2 NE2 55.35 01B Arg2918 HH21 NH2 58.95
acceptor donor atoms % acceptor donor atoms % acceptor donor atoms %
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
03B Arg291B HH21 NH2 76.23 O1A Arg291B HH21 NH2 80.15 O1A Arg2918 HH21 NH2 78.57
O1A HO0 HI1 o 71.57 02A H.0 HI1 o 64.40
02A Arg291B HH21 NH2 54.72 O1A H.O H2 o 56.17
o1 His24383 HE2 NE2 5115 o1 His248p HE2 NE2 50.35
02A Arg291p  HH21 NH2 43.20
acceptor donor atoms % acceptor donor atoms % acceptor donor atoms %
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
02A Arg291p HH21 NH2 80.20 02A HO0 Hl1 o 70.13 02B Arg2918 HH21 NH2 83.03
O1A Arg291B HE NE 53.78 O1A H0 H2 o 69.70 O1B Arg291p  HH21 NH2 44.70
O1A Arg291p  HH21 NH2 40.60 O1A Arg291B HH21 NH2 68.48 02B Arg291p HE NE 43.40
o1 His24383 HE2 NE2 64.72
O1A Arg291B HE NE 45.20
acceptor donor atoms % acceptor donor atoms % acceptor donor atoms %
residue atoml atom2 . residue atoml atom2 . residue atoml atom2 .
atoms occupation atoms occupation atoms occupation
02B Arg291p HH21 NH2 61.08 O1A Arg291B HH21 NH2 83.55 O1A H.0 HI1 o 60.22
01B Arg291p  HH21 NH2 43.25 o1 His24383 HE2 NE2 72.80 02A H.0 H2 o 56.70
O1A HO0 H2 o 63.98 o1 His248p HE2 NE2 51.32
O1A Arg291p HE NE 53.80 O1A Arg2918 HH21 NH2 48.15
acceptor donor atoms %
residue atoml1 atom2 .
atoms occupation
o1 His248p HE2 NE2 75.38
02A Arg291B HH21 NH2 65.05
O1A Arg2918 HH21 NH2 62.20
O1A Arg2918 HE NE 60.68
02A H:0 H1 O 54.93

and Tyr300f3, do not seem to be imperative since there are
almost no important interactions with both amino acids,
although some exceptions can be observed. The CAIL and
CVIL peptides appear to establish an important interaction

atoms, although the last bond is the most prevalent and
consistent of these interactions. These hydrogen bonds are
present during percentages of occupancy values that are
around 70.0 %. However, some residues, such as His248f3
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between the histidine residue and the pyrophosphate moiety
of FPP with a percentage of occupancy of approximately
50.0 %. CVIS and CCIF exhibit a central hydrogen bond
between O2A and the pyrophosphate oxygen of FPP and
Tyr3003 with a 75.2 % and 63.9 % of occupancy, respec-
tively, which represents some of the highest values of per-
centage presented for both peptides. Thus, it can be
established that these interactions may be essential for the
particular behavior of these low affinity peptides. In addition
to these active-site amino acid residues, there are also some
persistent water molecules that establish hydrogen bonds
mainly with the O2A and O2B pyrophosphate oxygen of
FPP.

For the set of CaaX peptides that behave like intermedi-
ate affinity peptides, we observe a persistent hydrogen bond
established between Arg2913 and the O1A and O2B pyro-
phosphate oxygen atoms, though the previous bond is the
most prevalent and consistent of these interactions, contrary
to that previously observed in the group of low affinity
peptides. These hydrogen bonds are present during percen-
tages of occupancy values that are around 67.0 %, although
there is a more variable set of values than the other group
mentioned above. Residues His248(3 and Tyr300(3 appear to
be crucial since there are persistent interactions with both
amino acids. Indeed, there are relevant interactions between
Ol and O3A pyrophosphate oxygen atoms and His248f3
with percentages of occupancy ranging from 55.4 %
(CVCM) and 76.5 % (CIIC). Such perspective is not ob-
served for the previous peptides. As it was observed for low
affinity peptides, Tyr3003 does not seem to be important,
contrarily to His248f3. In CIIC, it is possible to observe that
an important interaction is established with the histidine
residue with a percentage of occupancy of 76.5 %. Howev-
er, some exceptions exist. The CIFM and CIIS do not
establish any important interaction between the histidine
residue and pyrophosphate moiety of FPP; the same is
observed for Tyr3003. Moreover, there are also some im-
portant water molecules that establish hydrogen bonds
mainly with the O1A and O2A pyrophosphate oxygen of
FPP.

Finally, the last set of peptides that are regarded as high
affinity peptides, namely CLIL, CVFM, CVWM, CVVM,
CVIA, CIIS, CVIM, CIIM, CAIM according to Table 1, a
more heterogeneous scenario is observed, even though a
pattern can be recognized. For Arg291f3, we observed that
the most prevalent interactions are established between O1B
and O2B pyrophosphate oxygen atoms of FPP and the
residue, although some interactions with O2A oxygen atom
are observed. In opposition to the behavior of all peptides
mentioned, these peptides present the highest values of
percentage of occupancy with an average value above
80.0 % when considered the interaction with the highest
percentage. As observed for the low affinity peptides

already mentioned, we observe the same pattern in a way
that His2483 does not seem to be important in most pep-
tides. Some exceptions to this sample are shown in CVIM
and CSIM structures, in which we observed some important
interactions between O1 pyrophosphate oxygen atom and
the residue with a percentage of occupancy of 62.3 % and
75.4 %, respectively. An additional hydrogen bond is also
seen in CIIM peptide between O2B of FPP and the residue
with a percentage of 55.4 %. Concerning Tyr300{3, we can
determine that no relevant interactions are established, al-
though CIIM presents itself as an exception with a 50.0 %
percentage of occupancy in respect to the interaction be-
tween O2A pyrophosphate oxygen and the amino acid res-
idue. Furthermore, there are also some important water
molecules that establish hydrogen bonds mainly with the
0O2B and O1A, although O2A pyrophosphate oxygen atom
is also relevant in some cases. Some peptides, such as
CAIM and CVIM, do not present important hydrogen bonds
interactions at all.

Analysis of important distances

Table 1 shows the average distance between the nitrogen
atom of cysteine residue (C) and the oxygen atom of carboxyl
group of X aminoacid of the CaaX tetrapeptide (end-to-end
distance). Here, a more general insight on the conformation
patterns of tetrapeptides is sought, allowing one to evaluate for
example which CaaX tetrapeptide tends to get a more compact
or extended conformation at the FTase active-site.

Analysis of Table 1 shows that some peptides that exhibit
some of the highest distance values (near 11.0 A), and hence
a more extended conformation, are considered to be low
affinity peptides such as CAIL, CLIL and CVIA and show
some important conformational changes on the FTase active
site. On the other hand, some peptides that are also regarded
as low affinity peptides (CVIS, CCIF and CVIL) exhibit the
lowest values, which contrasts with the behavior previously
established. One important feature arises from the RMSF
analysis, which shows that these peptides present the same
variation pattern of RMSF (Fig. 4), with the exception of
CVIL, which exhibits a more complex behavior, so a pattern
of conformation and flexibility can be reasonably established.

An important number of the CaaX peptides evaluated
present an end-to-end distance pattern ranging between
10.0 and 11.0 A and comprise a non-homogeneous group
of peptides, although all of them belong to the group of
intermediate-to high affinity, such as CVFM, CVWM,
CVYM, CVIM, CAIM, CSIM and CIIM. Some peptides,
like CVWM and CVYM, exhibit a lower average end-to-
end distance and therefore a more compact conformation.
Thus, a direct correlation cannot be made for all the peptides
analyzed from this quantity only and the RMSF analysis
proves to be more consistent and more important, particularly
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in terms of the flexibility induced in the active-site after
peptide coordination.

Nevertheless, we can speculate that a more extended
conformation seems to be important for the significant al-
teration in the flexibility of the pyrophosphate moiety of
FPP induced by peptide coordination. As an overall result,
some peptides that behave as low affinity peptides have the
highest distance values (Tables 1 and 2), adopting an ex-
tended conformation and showing an intermediate degree of
flexibility, which suggests that for this particular set of
peptides, this feature can be significant. By contrast, the
other group that exhibits more compact conformations, such
as CVFM, CVWM, and CSIM show a lower variation of
distance and thus it may be important for a possible inhibi-
tion mechanism by inducing inconsequential changes of
conformation at the active-site after peptide coordination.
However, this parameter does not allow ascertaining a clear
and direct comparison, even though it can prove to be an
interesting aspect to be studied in the future for the devel-
opment of FTase inhibitors.

Radial distribution function (RDF) analysis of water around
catalytic zinc and cysteine sulfur (S) atom of CaaX
tetrapeptide

The exact nature of the Zn coordination sphere in FTase has
been elucidated by computational studies some years ago and
it has proved to be central for the catalytic mechanism of this
enzyme [37, 55, 56]. Some aspects of dealing with the
arrangement of the zinc active site and some important fea-
tures played by key residues in the active-site have become
progressively clearer. Here, we intend to elucidate its impor-
tance on the inhibition mechanism by CaaX peptides.

As previously discussed in the literature, two Zn coordi-
nation hypotheses have been demonstrated to lie in notably
close energetic proximity [5, 37]. The small energy differ-
ences together with a very small energetic barrier of the
conversion between the two possible conformers suggested
that a mono-bidentate change with water elimination is
reversible and extremely fast, indicating that both coordina-
tion alternatives exist in equilibrium [57, 58]. This could
imply that the Asp2973 carboxylate group performs an
important biological role by assisting ligand entrance and/
or displacement to/from the zinc coordination sphere
through a carboxylate-shift. A previous study has shown a
RDF maximum at a suitable distance from the metal atom
that makes it possible for equilibrium to occur, both in the
case of the resting state of FTase and of the binary complex,
with the Zn—OH, radius characterized on the average of
2.8 A with a sharp peak [50]. On the other hand, such aspect
was not observed for the ternary and product complexes, in
which the radius was about 4.2 and 4.3 A and the existing
peaks were found to be much less pronounced [50].
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Taking this into account, we have analyzed the radial
distribution function (RDF) of water (from the water oxygen
atom) around the Zn ion for each tetrapeptide from the full
MD simulations in order to elucidate and evaluate possible
features pointing into possible inhibition mechanisms.
Results are presented in Fig. 5.

The overall results show the existence of a sharp peak for
a solvation shell at a medium value of 4.05 A, suggesting
that the water molecules occupy almost all the free-
surrounding volume, without being structurally coordinated
by the Zn metal atom and thus no considerable interaction
between Zn and the water molecules seems to exist, fore-
closing the carboxylate-shift equilibrium by excluding sol-
vent access. It resembles the behavior equally observed at
the ternary and product complexes [50]. The conclusions
drawn at this level are in agreement with other studies,
which have pointed out that such aspect could be of partic-
ular interest for the design of inhibitors [50]. In addition, we
observed that the behavior of different peptides is also
characterized by the existence of two additional solvation
shells at medium values of 6.35 A and 8.45 A, although
some are shown to have an additional shell such as CFIM,
CVIL and CCIF. In particular, we observe that the peptide
CFIM has substantially higher distances of interaction val-
ues for both first two shells (6.75 A and 8.55 A) than the
average values mentioned above. This feature can reveal
itself as important because some experimental studies have
demonstrated that the highest inhibitory activities seem to be
achieved when amino acid residues Al are nonpolar and
aromatic, although a direct implication cannot be done at
this level because both low affinity peptides and inhibitors
present the same behavior in terms of solvent shells and
distance of interaction with the Zn ion.

In addition, the radial distribution function (RDF) of
water (from the water oxygen atom) around the cysteine
sulfur (S) atom of the CaaX tetrapeptide simulations was
also evaluated in order to clarify any possible involvement
in the way peptides undergo inhibition. Previous computa-
tional studies have confirmed that FPP binds to a hydropho-
bic cavity of FTase near the metal ion, but without altering
the metal coordination sphere [50]. Then, peptide binding
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 intermediate [56]. Finally, the Zn-bound peptide
thiol substrate loses a proton to an active-site base or to the
solvent, resulting in a tightly-bound Zn thiolate and the
transfer of the farnesyl moiety from FPP toward the peptide
substrate. Accordingly, the solvent around cysteine sulfur
proves to be an important trait.

A more heterogeneous perspective was observed with the
analysis of RDF results for this particular feature, highlight-
ing the existence of evident differences in the solvation
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Fig. 5 Radial distribution functions (RDFs,) and cumulative number of water molecules as a function of the distance to the CaaX peptide thiolate
sulfur atom (S) and for the active-site Zn atom, calculated for the 22 simulations performed

shells of cysteine sulfur. All peptides yield a sharp peak
around 3.05 A, which indicates a specific interaction be-
tween S and the water-oxygen, independently of the FTase
possible inhibitory capability of all peptides, which means
that this interaction does not seem to be the most relevant
aspect concerning inhibition. However, the (non)existence
of additional shells can point out a possible inhibitory
mechanism of some peptides by excluding water in the
vicinity of the cysteine sulfur atom coordinating the metal
coordination sphere in the thiol form and thus the equilibri-
um by carboxylate-shift would be disrupted and the substi-
tution of the water molecule in a process where the bidentate
acts as an intermediate would not take place.

A group of peptides namely CAIL, CLIL, CVLS, CVFM,
CVYM, CVVM, CIFM, CIIM demonstrate the existence of
only one solvation shell and taking into consideration the
above, we could possibly include some of these peptides as
potential inhibitors. Some modeling studies, together with
ICsq values derived from experimental studies, have given
evidence that some peptides, such as CVFM and CIIM,

seem to behave like inhibitors. If we consider the ICs,
values reported in the literature, we can observe that most
of them (excluding CAIL e CLIL) can be regarded as
potential inhibitors. On the other hand, some peptides like
CVWM, CVIA, CVIL, CIIC, CFIM, present three solvation
shells, as shown on Fig. 5, which means that these peptides
tend to exclude water in fewer extensions and the water
seems to be more structured around cysteine, favoring the
substitution of water in the bidentate intermediate. Once
again, considering ICs, values, we can observe that a less
homogeneous panorama can be pointed out from this group;
in fact, some peptides, like CVIA and CVIL, are considered
to behave like low affinity peptides and the remaining
peptides, CIIC, CVWM and CFIM, although behaving like
inhibitors can be regarded as presenting lower activity (in-
termediate affinity peptides) than CVFM or CVYM. Other
peptides like CVLM, CVIM, CAIM, CVCM, CCIF, CIIS,
CVIF and CSIM present a sharp and a less significant peak
at the first and second solvation shells, respectively, with
some of the highest distance values S-OH, at the second

@ Springer



686

J Mol Model (2013) 19:673-688

shell (CVIF, CVIM, and CSIM), which suggest that they can
be considered potential inhibitors, which is consistent with
solvent exclusion and experimental data.

A more comprehensive analysis of Fig. 5 and all the
structural elements considered at this level present a possi-
ble relation with the RDF analysis of water around the Zn
ion and cysteine sulfur. In fact, we can observe that some
peptides assigned as inhibitors, such as CVLM, CVYM,
CVWM, CIIC, CIIS, CFIM and CSIM exhibit some of the
highest values of the average interaction distance for the
first solvation shell for catalytic Zn ion, pointing toward the
solvent exclusion. Concomitantly, some of the mentioned
peptides like CVLM, CVYM, CIIS, and CIFM were shown
to have the same pattern for cysteine sulfur solvation.

Hence, these features indicate an encouraging correlation
(with some exceptions), between experimental data and
computational results, regarding the inhibitory activity of
some peptides and the average interaction distance for the
first solvation shell for both catalytic Zn ion and the sulfur
cysteine.

Conclusions

In this study, the application of molecular dynamics simula-
tions to a set of 22 CaaX tetrapeptides enabled the observation
of a reasonable pattern that highlights several dynamic fea-
tures on the complexes formed by these tetrapeptides with
FTase and FPP, with their affinity and inhibitory ability.

RMSF analysis of the MD simulations performed for
these 22 CaaX tetrapetides allowed some important relations
for different groups of peptides to be obtained. In particular,
a profile of low flexibility together with a high flexibility in
some of the helices away from the active center was ob-
served in the studies involving low affinity peptides.

The analysis of distances and the hydrogen bonds be-
tween water molecules and FPP have shown that some
peptides that are assigned to be potential inhibitors, such
as CVFM and CIIM, exhibit a significant number of hydro-
gen bonds with the pyrophosphate moiety of FPP. This
seems to be important since a decrease in flexibility through
the establishment of hydrogen bonds would reduce the
significant increase in the flexibility of the pyrophosphate
moiety of FPP induced by peptide coordination. The head-
to-head distance parameter does not prove to be crucial in
the definition of potential differences between peptides,
although some important aspects could arise for a particular
set of peptides, mainly CVFM and CVWM.

In particular, the analysis of hydrogen bonds surrounding
the pyrophosphate moiety of the FPP molecule and FTase
allowed the observation of three rather different hydrogen
bonding patterns. Indeed, for all peptides, there is a substan-
tial number of hydrogen bonds with the highly-conserved
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amino acid residue Lys164c, though they present a signif-
icantly lower percentage of occupancy than the set of the
other four residues, namely His248(3, Arg291f3, Lys2943
and Tyr300f. The most important interactions are observed
for Arg2913 and His248f3, nevertheless the second one is
only important in intermediate affinity peptides. In particu-
lar, it is possible to define a significant pattern for low
affinity and high affinity peptides in respect to Arg2913
and the main atom residues that establish hydrogen bonds
and even individual average percentages of occupancy. The
most important of these interactions are established between
02B (low affinity peptides) and O1A (intermediate affinity
peptides) of the pyrophosphate and the residue. The O1B
and O2B pyrophosphate oxygen atoms are responsible for
most of the hydrogen bonds observed for high affinity
peptides. The amino acid Tyr300 is not important for most
of these tetrapeptides, although there are exceptions like
CVIS, in which this residue proves to be of crucial impor-
tance, since it is the most important hydrogen bond with a
percentage of occupancy of 75.2 %. A significant difference
is also observed for the hydrogen bond between water
molecules and FPP, in which O2A and O2B are the most
important oxygen atoms of the pyrophosphate moiety of
FPP for interactions with intermediate affinity peptides and
high affinity peptides, respectively and equally important
for low affinity peptides.

The study of the radial distribution functions of the water
molecules around the Zn ion and cysteine sulfur of CaaX
tetrapeptides demonstrated the existence of important differ-
ences in the solvation pattern for both cases. We can observe
that some peptides assigned as high affinity peptides, like
CVLM, CVYM, CVWM, CIIC, CIIS, CFIM and CSIM
exhibit some of the highest values of the average interaction
distance for the first solvation shell for catalytic Zn ion,
foreclosing the carboxylate shift equilibrium like the one
described for the resting state (solvent exclusion) and there-
fore resembling a possible inhibition mechanism [5, 50].
The same is observed for some peptides that behave like
inhibitors from the analysis of cysteine sulfur solvation,
which provide evidence and is consistent with some com-
putational work that targets the interaction with the Zn
catalytic ion to be important to the development of potential
inhibitors. Moreover, the study establishes that the RDF
function for cysteine sulfur seems to be reasonably reliable
with the behavior mentioned for the analysis of Zn ion.

Thus, from the group defined, we were able to establish
some important features concerning the aspects that may
contribute in higher extension for the behavior of peptides
as low affinity peptides or high affinity peptides. Firstly, it is
possible to observe that insertion of buried side chains
residues at the a, position is more critical than the a; posi-
tion for inhibition since it presents lower RMSF values.
Moreover, CAIL does not compete for farnesylation and
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position a; can accept a very large variety of residues and
mainly accepts a small chain in low affinity peptides, but the
a, position is much more restricted to a buried side chain
residue for inhibitors. For X, Met is the most common
amino acid occupying this position for inhibitors and at a,
position, Tyr, Phe and Met mainly localized in potential high
affinity peptides and concomitantly possible inhibitors.

In the series Ca;IM, small side chains seem to be better
accepted than larger ones at position X since it is possible to
observe a potency decrease in CFIM (weak inhibitor). In
addition, Leu at position a; is favorable in intermediate
affinity peptides and the highest inhibitory activities seem
to be achieved when a; and a, are aromatic amino acids.
Besides, X position shows the highest stringency and me-
thionine seems to be important for inhibition, since all
peptides that form this series present this residue at this site.
Although some important aspects can be established and
could be of particular interest for drug development efforts,
additional computational and experimental works are nec-
essary to consolidate the comprehension of catalytic and
inhibition mechanisms of FTase at the atomic level.
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