Communication

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Insights into the Mechanistic Dichotomy of the Protein
Farnesyltransferase Peptide Substrates CVIM and CVLS

Yue Yang,Jr Bing Wang,T Melek N. Ucisik," Guanglei Cui," Carol A. Fierke,”* and Kenneth M. Merz, ]r.*’T

"Department of Chemistry and the Quantum Theory Project, 2328 New Physics Building, P.O. Box 118435, University of Florida,

Gainesville, Florida 32611-8435, United States

iDepartments of Chemistry and Biological Chemistry, The University of Michigan, Ann Arbor, Michigan 48109-105S, United States

© Supporting Information

ABSTRACT: Protein farnesyltransferase (FTase) cata-
lyzes farnesylation of a variety of peptide substrates. °H a-
secondary kinetic isotope effect (a-SKIE) measurements
of two peptide substrates, CVIM and CVLS, are
significantly different and have been proposed to reflect
a rate-limiting Sy2-like transition state with dissociative
characteristics for CVIM, while, due to the absence of an
isotope effect, CVLS was proposed to have a rate-limiting
peptide conformational change. Potential of mean force
quantum mechanical/molecular mechanical studies
coupled with umbrella sampling techniques were per-
formed to further probe this mechanistic dichotomy. We
observe the experimentally proposed transition state (TS)
for CVIM but find that CVLS has a symmetric Sy2 TS,
which is also consistent with the absence of a *H a-SKIE.
These calculations demonstrate facile substrate-dependent
alterations in the transition state structure catalyzed by
FTase.

P rotein farnesyltransferase (FTase) and protein geranylger-
anyltransferase type I (GGTase I) have been extensively
studied, due to their involvement in cancer and as potential
targets for cancer treatment.' Both enzymes catalyze the
posttranslational attachment of a prenyl group (FTase: 15-
carbon farnesyl, GGTase I: 20-carbon geranylgeranyl) to a
cysteine residue in a conserved Ca,a,X sequence at or near the
C-terminus of a protein (see Figure 1). C refers to cysteine, a;

o;
e v cfc"c,/ o‘;Pa\/ o\/P<
| o Yoo Yo

Protein-?ys-aax
Sy‘

chcz \/C\./ St Cys
| H H,

Figure 1. FTase catalyzed farnesylation. Important atoms are labeled.
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is an amino acid with little sequence selectivity, a, is an aliphatic
amino acid, and X typically corresponds to alanine, serine,
methionine (for FTase), phenylalanine (for FTase and GGTase
I), or leucine (for GGTase I).” This motif can be recognized
and modified by FTase or GGTase I in the form of either a
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protein, like Ras, or a short peptide. Prenylation is essential to
the function of a variety of enzymes including multiple Ras
subfamily members, enabling them to localize to the cell
membrane to play roles in signal regulation. Therefore,
inhibition of prenylation could be used in the treatment of
certain types of cancers by affecting the function of mutated
Ras enzymes (found in about 30% of human cancers®). Indeed,
several FTase inhibitors have entered phase III clinical trials
and have shown promise.*

FTase and GGTase I possess very similar overall structures:
they share nearly identical a-subunits and highly homologous
p-subunits. The binding pocket for their respective reactants,
Caja,X and the corresponding isoprenoid diphosphate, are
situated at the interface of two subunits, surrounded by the
conserved residues, Lysl64a, His2483 (His2195), Arg291f
(Arg263p), Lys294f (Lys2664), and Tyr3008 (Tyr272p)
(residues in parentheses refer to those in GGTase I
throughout). Both enzymes require a zinc ion for catalytic
activity. In their activated forms, zinc is coordinated to Cyslp
(targeted Ca;a,X cysteine), Asp2974 (Asp269f), Cys2998
(Cys271p), and His362f (His321f), forming a tetrahedral
cluster. Fierke and co-workers determined that Cyslp is a
thiolate rather than a thiol based on pH dependence studies.”
In the crystal structures (1QBQ® and 1TN8’ of 2 A resolution),
the Zn2+-SCy5299ﬁ distance is 0.1—0.2 A shorter than the Zn**—
Scys1p distance, suggesting weaker coordination between the
zinc and peptide cysteine. This weak coordination has been
proposed to enhance the nucleophilicity of the sulfur atom of
the target cysteine that is essential for the Sy2-like reaction.® In
the crystal structure of FTase complexed with the prenylated K-
Ras product (PDB code 1KZP,” 2.10 A resolution), the Zn**—
Scysip distance increases to 2.66 A, providing additional support
for this hypothesis.” FTase also requires a magnesium ion for
optimal reactivity, but the position of this ion has not been
observed crystallographically. Mutagenesis studies suggest that
Asp352f3 coordinates magnesium.'>'! Interestingly, in GGTase
I, which is not activated by magnesium, this residue is a lysine
(Lys311p3) that has been proposed to functionally substitute for
the Mg®* ion."* Although farnesyl diphosphate (FPP) can exist
as a fully deprotonated form or its monoprotonated form
(FPPH) at physiological pH in the absence of magnesium,’
previous computational work suggested the FPPH form, with
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one of the f-diphosphate oxygen atoms protonated, is preferred
in this situation."

An important feature of the ternary (FTase/FPP/Ca;a,X)
resting state (RS) is a C,=S, distance of over 7 A A
conformational transition exclusively associated with FPP and
the peptide substrate (not the enzyme) is required to close this
gap prior to the chemical step”'®'*'* (see Figure S1). The
catalytic mechanism of the subsequent chemical step has been
debated for a number of years. Evidence supporting both an
Sx2-like mechanism (associative) and an Syl-like mechanism
(dissociative) has been put forward.">™"7 However, recent
experimental and computational studies strongly support an
associative mechanism with dissociative characteristics."*"”
Additionally, research carried out in the Fierke lab revealed
that substrate recognition by FTase is context dependent,20
which illustrated that the identity of both X and a, play
important roles in the catalytic efficiency. Moreover, in *H a-
secondary kinetic isotope effect (a-SKIE) experiments, a value
of near unity (1.00 + 0.04) was obtained for FTase catalyzing
single turnover farnesylation of GCVLS while a significantly
larger value (1.154 + 0.006) was observed for FTase with the
peptide TKCVIE." This difference was attributed to the
presence of different rate-determining steps (RDSs), which
were proposed to involve the chemical step for FTase/
TKCVIF, while for FTase/GCVLS the physical or conforma-
tional change step was hypothesized to be rate-limiting. This is
an interesting observation given that the free energy of
activation for farnesylation catalyzed by FTase is ~20 kcal/
mol and the conformational change is localized to the
substrates and not the enzyme (see Figure S1), which suggests
that the peptide conformational transition is very highly
constrained in FTase/GCVLS. Herein we describe studies
testing this observation.

When we investigated the conformational transition step
using potential of mean force (PMF) studies for the FTase/
CVIM and FTase/CVLM complexes with classical molecular
dynamics (MD) simulations, only small differences in the free
energy barriers of the conformational step were observed."
This result indicated that a single change in the a, position of
the Ca;a,X motif was unable to alter the RDS but did not
address the situation where both X and a, were altered in the
Ca;a,X motif. Moreover, the details of the chemical step
following the conformational step were not studied. Hence, a
quantum mechanical molecular mechanical (QM/MM) study
was carried out in order to further elucidate both the
conformational and chemical steps in FTase catalysis. In fact,
although MD simulations carried out at the molecular
mechanical (MM) level provided useful insights into the
conformational step in FTase,'>*'™* theoretical studies at the
QM/MM?** level add an extra dimension.'®*>*¢ In particular, in
the chemical step where bond breaking and forming are
important, classical MM theory is inappropriate. The self-
consistent-charge density-functional tight-binding (SCC-
DFTB) method has become a popular choice in QM/MM
simulations, especially in zinc metalloenzymes and those cases
involving phosphate reactions.”’ ' Moreover, the SCC-
DFTB/MM method has been extensively tested and good
accuracy has been reported.**">* Furthermore, a recent SCC-
DFTB based computational study by Roitberg and co-workers
elucidated the catalytic mechanism and successfully reproduced
the experimental KIE in Trypanosoma cruzi trans-sialidase.*®
Hence, SCC-DFTB was adopted to study the farnesylation
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reaction catalyzed by both FTase/FPPH/CVIM (CVIM) and
FTase/FPPH/CVLS (CVLS) complexes.

The acetyl-capped CVIM peptide represents the Ca,a,X
motif of human K-Ras, the mutant of which is usually found in
lung cancers. After equilibration with the QM/MM potential, a
steered MD (SMD) simulation was conducted to propagate the
trajectory along the reaction coordinate (RC) defined as the
distance between the two reacting atoms: the C, carbon from
FPPH and the S, from the peptide cysteine. Including the C,—
O, bond into the RC results in an unphysical dissociative
pathway, and this same observation has been reported by Klein
and co-workers'® (see SI for further comparisons between this
work and ref 18). The RC ranged from 1.8 to 8.0 A (6.2 A in
total) that covered both the conformational and chemical steps.
The free energy curve yielded a C,—S, distance of
approximately 2.6 A at the transition state (TS). This value is
slightly longer than the 2.4—2.5 A TS C—S distance found in a
model Sy2 reaction studied at the MP2/6-31+G**//MP2-6-
31+G* level of theory.37 Subsequently, a set of umbrella
samplin% (US) simulations were carried out along the RC and
WHAM™® was employed to construct the free energy profile.
Our results indicate that farnesylation by CVIM, indeed,
involves an associative mechanism with dissociative character.
The highest free energy barrier is 20.6 kcal/mol, which
corresponds to the chemical step and is in excellent agreement
with experimental results'®'® (see Figure 2). Moreover, the
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Figure 2. Free energy profile of farnesylation catalyzed by FTase/

FPPH/CVIM (red) and FTase/FPPH/CVLS (blue).

conformational transition along the reaction coordinate
matches our previous MM study, with a 6.9 A (7.2 A from
MM) RS, 5.3 A (5.0 A from MM) intermediate, and an ~1.0
kcal/mol energy barrier separating them."® Importantly,
another shallow intermediate state was identified between the
5.3 A intermediate and the TS at around 3.9 A, where the O,,
C,, and §, atoms are aligned in a linear arrangement which is
favorable for Sy2 displacement. At the TS (see Figure 3), the
H,—H,—C,—C, dihedral is 169°, puckered slightly from a
planar arrangement; moreover, the sign of this dihedral changes
beyond this point, strengthening the point that the TS has been
reached. The dc,_g, distance is 2.63 A, the C,—O, bond is
breaking and reaches 2.3—2.5 A, while the Zn-S§, distance
shows a 0.05 A increase, indicating a weaker coordination
between zinc and peptide cysteine. Beyond the TS, the d¢;_g,
continues decreasing, the dc;_o; distance keeps quickly
increasing until around 3.5 A, and the dz,_s, reaches 2.50—
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Figure 3. TS active site snapshots of FTase/FPPH/CVIM (left) and
FTase/FPPH/CVLS (right). Also see Figure S4.

2.55 A in the product state. Throughout the entire reaction, key
residues in the FPPH binding pocket, such as Lysl64q,
His248f, Arg291p, Lys294f, and Tyr300p, all form stabilizing
hydrogen bonds with the diphosphate-leaving group. The
Zn(II) coordination site is maintained during the process, but
the dy, s, increases from ~2.35 to ~2.50 A. Such an increase
has also been discovered in the crystal structures reported by
Long, et al.” Additionally, Fierke and co-workers have proposed
that a weak zinc—sulfur coordination enhances the nucleophil-
icity of Sy.® Qualitatively, our observed increase of the dza—sy
distance supports the notion of the enhanced nucleophilicity at
Sy.

The acetyl-capped CVLS peptide has the same Caja,X
sequence as H-Ras, whose malfunction has been implicated in
bladder cancers. The PMF study was carried out on both the
physical step (at the MM level) and chemical step (at the QM/
MM level). The free energy barrier associated with the
conformational transition is ~2.8 kcal/mol. This value is of
the same order of magnitude as observed for CVIM (~1.0 kcal/
mol, at both the QM/MM and MM level), FTase/FPPH/
CVLM (~2.5 keal/mol), and YA300F/FPPH/CVIM (~1.4
keal/mol). Obviously, such a small barrier is insufficient to
cause the predicted RDS change. In fact, the experimental free
energy barrier height for FTase/GCVLS is 20 kcal/mol (in the
absence of Mg2+), while our QM/MM results gave a 21.3 kcal/
mol free energy barrier, not for the physical step, but for the
chemical step. Hence, another hypothesis needs to be
developed to explain the observed near unity *H a-SKIE
measurement. However, the possibility that an upstream
sequence (TK) also influences a-SKIE cannot be excluded
and is being explored.

a-SKIEs are useful in distinguishing Sy1 and Sy2 reaction
types because they are sensitive to bond hybridization changes
and the resultant changes in zero-point energies (ZPEs). In a
typical symmetrical S\2 reaction, kyy/ky tends to be smaller and
near unity (~1.00 + 0.06), while the values observed for Syl
reactions are ~1.1—1.2.>° In the CVLS chemistry step, dci_gy at
the TS is 2.51 A (see Figure 3), which is 0.12 A shorter than
what was found for CVIM and much closer to the value
reported by Gronert et al. in their study of a related Sy2
reaction involving sulfur at the MP2/6-31+G**//MP2-6-
31+G* level of theory.37 At the TS, the O,, C, of FPPH, and
S, of Cyslp are nearly colinear with only C; being slightly out
of plane and the C,—O, bond is more constrained, reaching
only 1.8—2.0 A, and continues to slowly increase beyond the
TS. The H,—H,—C,—C, dihedral is nearly planar in the TS
with a value of 179.6°, which decreases rapidly on both sides of
this peak (see Figure S2). Hence, the structural evidence
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supports a more typical Sy2-like TS. During this reaction, the
binding pocket amino acids do not experience large
fluctuations, further confirming that an enzyme based
conformational change that is large enough to alter the RDS
is unlikely. The Zn(II) coordination site is maintained during
the process with the d;,_g, increasing by about 0.1 A.

As mentioned previously, the most important factor in the
differences between ky and kr is the ZPE. In light of this, we
performed a QM optimization followed by fre(%fuency analysis
with the M06-2X/6-31+G** level of theory,40’ ! on the QM
part of the system abstracted from the prenylation TSs for
CVIM and CVLS, respectively. Subsequently, we calculated the
AAE e for both CVLS and CVIM, based on AAE,; =
AE,p;" — AE,pit, where AE, pp = Ejppt> — E,peS for both H
and T. An ~0.13 kcal/mol difference of AAE,p; was identified,
with the CVIM complex possessing the larger AAE,pg (0.14 +
0.02 kcal/mol) and the CVLS complex having a AAE,p near
zero (0.01 + 0.01 kcal/mol). This strengthens our proposal
that the CVLS peptide prefers an Sy2-like reaction pathway.
Moreover, these results are qualitatively in accordance with the
experimental trends (an approximate 0.085 kcal/mol AAG for
FTase/TKCVIF in the absence of Mg*'; see Supporting
Information (SI)). More importantly, it demonstrates that the
slight differences observed in the reaction mechanisms reflect
the experimentally observed ky/k; differences. We also
qualitatively monitored charge variation through the reaction
course of CVLS and CVIM prenylation using Mulliken charges.
The summation of the charges on the C,, C,, and C; atoms
(comprising an allyl-like group) of the farnesyl group are of
particular interest, because in a dissociative reaction pathway
the developing partial positive charge would be delocalized
across this allyl fragment, while in a pure Sy2 reaction a less
positive charge would be developed in the TS. For CVIM
+0.032q is delocalized into the ally moiety, which is 10 times
smaller (+0.003q) in CVLS. This result strengthens our
conclusion that the reaction mechanism for CVLS is a typical
Sy2 reaction (synchronous AyDy) and an associative
mechanism with dissociative characteristics (dissociative
A\Dy) for CVLM. Providing further support for our results
is the agreement between the computed and experimental free
energies of activation. The free energy barrier for the CVLS
peptide was computed to be 21.3 kecal/mol, in excellent
agreement with the 20.0 kcal/mol experimental value.'® In
addition, the computed free energy barrier difference between
CVLS and CVIM is approximately 0.8 kcal/mol, which also is
in agreement with the experimentally observed ~0.5 kcal/mol
difference (although the experimental result is measured in the
presence of Mg**).*

The residues in the a, and X positions in the Ca;a,X motif
have been shown to strongly affect substrate selection, with
selection of the side chain at the a, position being dependent
on both hydrophobicity and volume.”® The different behavior
of the a, residue between CVIM and CVLS was monitored via a
modified Ramachandran plot. In this plot, we monitored the a,
residue in terms of W—®@ torsion angles throughout the
chemical step (see Figure S3), for both complexes. In CVIM,
the Ile3p remained in the a-region, while, for CVLS, Leu3p
fluctuates in the transition region connecting the a- and fS-
regions. We propose that in the CVLS system the peptide
sacrifices its conformational stability to facilitate bringing the
two substrates together, while for CVIM the peptide remains in
the a-region, so the energetic cost of the conformational step is
mainly attributed to the rotation of FPPH. Preliminary results
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show that, for CVLM, the Leu3p also remains in the a-region
(see Figure S3). Therefore, it appears that the differential a,
behavior observed in the CVLS and CVIM (CVLM) complexes
cannot be fully attributed to a single change at the a, position
but to a double change at the a, and X positions, in support of
the context-dependent substrate recognition hypothesis of
Fierke and co-workers.”

In conclusion, we have put forth an alternative proposal for
FTase catalysis that involves differential Sy1/Sy2-like behaviors
as a function of the peptide to be farnesylated. Thus, FTase
activity appears to be fully governed by the chemical step with
the conformational step only playing a modest role.
Furthermore, the small energetic differences between the Syl
and S\2 transition states in the enzymes allow substrate
dependent alteration in the transition state structure.
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