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ABSTRACT: Understanding how the highly unstable carbocation
intermediates in terpenoid biosynthesis are stabilized and
protected during their transient existence in enzyme active sites
is an intriguing challenge which has to be addressed computa-
tionally. Our efforts have focused on evaluating the stabilization
afforded via carbocation-7 complexation between a biochemical
carbocation and an aromatic amino acid residue. This has involved
making measurements on an X-ray structure of an enzyme active
site that shows a z donor proximate to a putative carbocation site
and using these to build models which are analyzed computation-
ally to provide an estimated stabilization energy (SE). Previously,
we reported estimated SEs for several such carbocation-z
complexes involving phenylalanine. Herein, we report the first
such estimate involving tryptophan as the # donor. Because there was almost no published information about indole as a z-
complexation donor, we first located computationally equilibrium 7 and ¢ complexes of 3-ethylindole with the t-butyl cation as
relevant background information. Then, measurements on the X-ray structure of the enzyme CotB2 complexed with geranylgeranyl
thiodiphosphate (GGSPP), specifically on the geometric relationship of the putative carbocation at C1S of GGSPP to W186, were
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used to build a model that afforded a computed SE of —15.3 kcal/mol.

B INTRODUCTION

Carbocations are crucial intermediates in the biosynthesis of
terpenes and steroids,’ and understanding how these highly
unstable species can be stabilized during biochemical reactions
and protected from unwanted combination with active site
nucleophiles is an intriguing scientific challenge. Cation-z
interaction™ between positively charged metal and ammo-
nium ions and aromatic amino acid side residues is well
recognized as an important contributor to binding in proteins.
Experimental studies have provided quantitative evidence
concerning such interactions,”® and computational analyses®
have provided further quantitative data concerning the cation-
7 interactions of these types of cations. But for carbocations,
which exist only fleetingly during enzyme-catalyzed reactions,
it has not been possible to obtain similar quantitative
experimental information about their cation-z interactions. A
number of X-ray structural studies of enzymes that catalyze
formation of polyisoprenoid natural products show aromatic
amino acids in positions, suggesting roles in stabilizing
carbocation intermediates. In addition, site-directed muta-
genesis experiments have provided evidence that carbocation-7
interactions do indeed play a role in the mechanisms of
terpene cyclases.”””

Jenson and Jorgensen'® provided early theoretical work on
interactions of carbocations putatively intermediate in steroid
biosynthesis with models for aromatic amino acids. Further
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valuable insights into the carbocationic mechanisms involved
in the biosynthesis of steroids and related triterpenoids have
been provided by Hess and co-workers.'' ~'* Tantillo and co-
workers'>™'? have conducted extensive computational inves-
tigations of the numerous complex rearrangements of
carbocation intermediates in terpenoid biochemistry. In
particular, Hong and Tantillo'”'® have elucidated the
important roles that intermolecular C—H—7 interactions may
play in the biosynthesis of complex terpene natural products
using benzene to represent the aromatic residues often found
in the active sites of terpene synthases. Tantillo'” has reviewed
critically the several computational methods used to study the
complex carbocation rearrangements found in the mechanisms
of terpenoid cyclases. In a similar vein, Major and co-workers’
have presented a study of quantum mechanics-molecular
mechanics methods (QM/MM) for carbocation chemistry.
Sato et al.”"*> have reported theoretical and experimental
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Figure 1. (a) Reaction catalyzed by GPPMT with GPP to form 2-methylgeranyldiphosphate (2MGPP) via intermediate carbocation 2MGPPH".
(b) Also shown is unreactive substrate analogue GSPP, which also binds in the active site of GPPMT, and 2MGSPPH?, the putative carbocation
that would be formed by C2 methylation of GSPP. (c) Model 1, constructed by aligning the t-butyl cation with ethylbenzene having the side-chain
dihedral angle (£C6—C1—C7—C8) constrained to the value of the corresponding angle in F222 of GPPMT determined from measurements made
on the X-ray structure of the active site of GPPMT bound to GSPP.** The numbers representing distance measurements are in A units. The
content of this figure is an adaptation of information presented in Figures 1 and 4 of ref 32.

studies of carbocation rearrangements that occur in the
biosynthesis of the terpenoids cyclooctatin and sesterfisherol.

During the last decade, there have been extensive studies on
the mechanism of the terpenoid cyclase reaction catalyzed by
the enzyme CotB2. These have been reported by investigators
including Hong and Tantillo,"” Tomita et al,* Tang et al,**
and Major and co-workers.”>~** All these investigators have
included computed energy profiles for at least major portions
of the multistep enzymatic reaction. The report by Tomita et
al.”® includes an X-ray structure of CotB2 with an unreactive
substrate in the active site which has provided the essential
measurements for the work described in this manuscript. The
extenswe calculated energy profiles reported by Major and co-
workers”® have also been a source of important relevant
information.

Our previous efforts concerning carbocation-z interaction
have included a computational study of the complexation of
the methyl cation with benzene,” which provided support for
the idea that carbocation-z interaction should be stronger for
both 7> and ' complexes over the periphery of an aromatic
system, as opposed to the cation-7 interactions of ammonium
and metal ions, which form 7® complexes with aromatic rings."
We have also described a computational study of the
carbocation-7 interaction of the 1,1-dimethylallyl cation
(DMA*) with benzene’ in which a complex of benzene
bound to both ends of the DMA" 7 system was located on the
potential energy surface. This complex was found to be more
stable than the related o complex, possibly affording insight
into why biological reactions involving this type of carbocation
do not lead to electrophilic substitution of aromatic rings
present in protein active sites. More recently, we have adopted
a new strategy, in which X-ray structures of enzyme active sites
binding a carbocation surrogate are used as a basis for
analysis.”"*” This approach has the distinct advantage that the
calculated stabilization energies are based on experimental
measurements of the relative positions of the aromatic amino
acid and the putative carbocation in the active site. This
approach, using measurements of this geometric relationship in
X-ray structures, presumably can give a more realistic
approximation of the actual geometry that evolved to produce
an effective active site than is afforded by alternate approaches
used to study carbocation-z interactions. However, because X-
ray structures do not directly show the positions of hydrogen
atoms, such structures alone do not allow direct measurement

of distances from hydrogen atoms to other atoms. Later, in this
manuscript, we explain how our approach addresses this
limitation allowing us to assess the relative contribution of C—
H—r interactions.

In our initial study of this type, we reported®’ the first
quantitative evaluation of the stabilization energy that a
phenylalanine can provide to a biochemical carbocationic
intermediate via 7 complexation. This was accomplished by an
analysis of the X-ray structure, reported by Koksal et al,,” of
geranyl diphosphate C-methyl transferase (GPPMT) bound to
the modified, unreactive substrate S-thiolodiphosphate
(GSPP), which had been employed in place of the natural
substrate geranyl diphosphate (GPP) in the reaction catalyzed
by GPPMT, as shown in Figure lab. Phenylalanine 222 in
GPPMT is “ideally positioned”” to afford stabilization via
carbocation-z interaction with the intermediate carbocation
2MGSPPH" that would be formed from GSPP. We
constructed a complex model (Model 1, Figure lc) of the
active site of GPPMT bound to 2MGSPPH?, calculated its
energy, and compared it to the sum of the energies of the
component parts of this model, affording an estimated
carbocation-7 binding energy of —12.4 kcal/mol*! A key
feature of this study, of course, was that the X-ray structure
provided an excellent estimate of the position of phenylalanine
F222 relative to that of the carbocation 2MGSPPH'. As
previously described,”" building this complex model, including
conducting the geometrical optimizations required to refine its
structure, was a lengthy, computationally demanding process.

In previous work,”” we had found an equilibrium complex of
ethylbenzene with the t-butyl cation that had a geometrical
relationship of the binding partners very similar to that of F222
with GSPP in the X-ray structure.” This led us to consider the
possibility that evaluating the interaction of a simple cation
such as the t-butyl cation with an appropriate ethylbenzene (as
a surrogate for phenylalanine) in a geometrical relationship
closely approximating that in an X-ray structure might be a
convenient method to reliably estimate tertiary carbocation-z
interactions. To this end, the distances, angles, and dihedral
angles that define the geometric relationship between F222
and C3 of GSPP bound to GPPMT in the X-ray structure’
were used to construct model 1 (Figure 1lc) of the t-butyl
cation with ethylbenzene that corresponded as closely as
possible to these measurements. Complex 1 was optimized
with the dihedral angle ZC6—C1—C7—C8 constrained to the
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value determined from the X-ray structure® and its calculated
energy compared to the sum of the energies of the optimized
isolated binding partners to provide a value of —12.3 kcal/mol
as the stabilization that F222 could afford to 2MGSPPH",*
essentially identical to the value of —12.4 kcal/mol obtained
with the complex model.”" This result confirmed that use of
this simple model did indeed provide a reliable estimate of the
stabilization that F222 could afford to 2MGSPPH'. The
calculations used to estimate the stabilization energy for model
1 required less than 3% of the computer time required for the
analogous calculations with the original more complex model.

Explorations of the effect of modifying the rotation of the ¢-
butyl group relative to that of the ethylbenzene and the effect
of the small geometrical changes in the structure of the
optimized t-butyl cation necessary to reflect more closely the
carbocationic site in the active site structure led to calculated
binding energies that vary by no more than 0.3 kcal/mol from
the value of —12.3 kcal/mol determined with model 1. Thus,
this second, relatively simple approach, provides a rapid and
convenient way to explore X-ray structures which show
aromatic amino acid residues positioned to interact with
incipient tertiary carbocations.

We next tested this new method with an example of the
other common type of carbocation formed in enzyme active
sites during terpenoid biosynthesis, the 1,1-dialkylallyl cations
formed by ionization of various isoprenoid diphosphates. The
X-ray structure of aristolochene synthase bound to the
modified substrate farnesyl-S-thiolodiphosphate (FSPP), re-
ported by Chen et al,** offered the possibility of examining the
interaction of two phenylalanines (F81 and F147) with the
farnesyl cation (F+) that would be formed by ionization of
FSPP (or FPP). Initially, we built an active site model
analogous to model 1 (Figure 1c) using the coordinates in the
X-ray structure®® to create a model showing F* and proximate
portions of the active site. Then, phenylalanines F81 and F147
were converted to the appropriate corresponding ethyl-
benzenes. FSPP was removed and replaced by an appropriately
modified DMA®, which was positioned so as to have
geometrical relationships with the ethylbenzene surrogates
for F81 and F147 that were as similar as possible to those
determined from the X-ray structure. The resulting model 2 is
shown in Figure 2. Appropriate calculations on model 2 and its
comgonent parts afforded a stabilization energy of —10.3 kcal/
mol.”* This recent report also described®” application of this
method to the analysis of an X-ray structure of the same
enzyme active site bound instead to an ammonium ion
inhibitor as carbocation surrogate.’* We also reported’
estimates of stabilization energies provided by each of four
phenylalanines to each of four putative carbocation inter-
mediates in the formation of lanosterol from squalene oxide by
similar analysis of an X-ray structure of that product bound in
the active site of oxidosqualene cyclase.”

In the present work, we have turned attention to the
application of our simple method to carbocation-z complex-
ation involving interaction of a second type of aromatic amino
acid, tryptophan, as the 7 donor to a biochemical carbocation
intermediate. This investigation includes a study of complex-
ation of indole and 3-ethylindole (chosen as an appropriate
surrogate for tryptophan) with the t-butyl cation that provided
relevant background information for the evaluation of the
stabilization energy in a complex of a tryptophan with a tertiary
biochemical carbocation. This work also revealed, in the active
site. X-ray structure being studied,”” certain geometric

Figure 2. Model 2, comprising two ethylbenzenes representing
phenylalanines F81 and F147 in positions relative to an appropriately
modified DMA" that approximate the relative positions of F81, F147,
and FSPP in the X-ray structure.”* The numbers representing distance
measurements are in A units. The content of this figure is taken from
Figure 7 in ref 32.

relationships that afforded additional insight into the
mechanism of the reactions occurring at the site of the
carbocation-7 interaction under consideration.

B RESULTS AND DISCUSSION

Before beginning a search for an X-ray structure having a
tertiary carbocation surrogate bound to tryptophan in the
active site, we thought it important to conduct a general study
of indole as a complexing partner with the t-butyl cation, our
surrogate for biochemical tertiary carbocations. In their
pioneering 1997 study of carbocations relevant to steroid
biosynthesis, Jenson and Jorgensen'’ described a complex of
indole with the t-butyl cation, optimized at the B3LYP/6-31G*
level, which had the positively charged carbon 3.61 A from C3a
and 3.81 A from C7a of indole, with an energy of —15.3 kcal/
mol relative to the energies of the binding partners. This is
apparently the only previously available information concern-
ing carbocation complexes of indole. Because each of the nine
carbon atoms of indole is unique, we believed that a thorough
study of carbocation complexation, involving each of the
carbons of this heterocycle, was essential if we were going to be
adequately prepared to analyze the interaction of any indole
carbon atom of tryptophan with a biochemical carbocation.
Complexes of Indole and 3-Ethylindole with the t-
Butyl Cation. We searched computationally, at the M06/cc-
pVTZ level,*>"” for stationary points on the potential energy
surface of the t-butyl cation complexed with indole,
concentrating on regions adjacent to and above the periphery
of the rings. Of particular interest was the same C3a—C7a
region of indole, in order to determine if we would obtain
results similar to those of Jenson and Jorgensen.'® In fact, two
equilibrium 7 complexes were found in this region defining the
border between the benzene ring and the pyrrole ring of
indole, one (73a) with a C* to C3a separation of 3.19 A and
the other (77a) with a C* to C7a separation of 3.14 A. These
complexes, shown in Figure 3 as 3 and 4, respectively, had
energies of —22.0 and —21.0 kcal/mol relative to the sum of
the energies of the optimized isolated t-butyl cation and indole.
We were able to locate additional equilibrium 7 complexes
only at C4 (74) and C7 (7). We also found equilibrium &
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Figure 3. M06/cc-pVTZ-optimized structures and binding energies
(kcal/mol) for 7 complexes of the t-butyl cation with indole at C3a
(3) and C7a (4). The numbers representing distances are in A units.
The numbers in magenta indicate the numbering system for the ring
atoms of indole.

complexes with all non-hydrogen atoms and transition state &
complexes between several pairs of adjacent equilibrium
structures, including those between 73a and 27a, 62 and 63,
74 and 65, 065 and 06, and 77 and 06. Structural details for the
7n3a and 7#7a equilibrium complexes are presented in the
Supporting Information.

The largest binding energy we have calculated for an
optimized indole—t-butyl cation equilibrium 7 complex is
—22.0 kcal/mol for 3, whereas that for a benzene—t-butyl
cation equilibrium 7 complex, with a C*—C,,, distance of 3.06
A, at the same level is —13.6 kcal/mol.*® This difference in
binding energy probably results from at least two factors. First,
the 7-electron-donating ability of indole is greater than that of
benzene, which is confirmed by an analysis of the occupancies
of the valence 7-type natural atomic orbitals (NAO).* The net
7 donation for complex 3 is calculated to be 0.177, whereas it
is 0.111 for the t-butyl-benzene 7 complex.”” Second, the
depictions of the two 7 complexes in Figure 3 show that they
both have geometries permitting C—H—7z interactions of
hydrogens on two methyl groups of the ¢-butyl cation, one with
the pyrrole ring and the other with the benzene ring of indole.
Thus, the C—H—7 contributions to the binding energies for
the indole 7 complexes 3 and 4 will be larger than the
contribution for the 7 complex with benzene, which can only
form a significant C—H—7 interaction with one hydrogen atom
of one methyl group of the t-butyl cation. This important
capacity to form C—H—r interactions utilizing both rings of
indole and two methyl groups of the t-butyl cation is evident in
several of the additional 7 complexes discussed in this paper.

More directly related to our goal of evaluating carbocation-7
stabilization by tryptophan was the comparable study we next
conducted of complexation of the t-butyl cation with 3-
ethylindole, which was chosen as a surrogate for tryptophan.
Optimized equilibrium 7 complexes at C3a (5) and C7a (6)
(Figure 4) were found to be very similar to those of the t-butyl
cation with indole, having binding energies of —23.2 and —22.6
kcal/mol, respectively. The presence of the 3-ethyl group in §
and 6 enhances the binding energy in these complexes by 1.2
and 1.6 kcal/mol, respectively.”" The transition state (7)
(Figure 4) connecting complexes § and 6 was also located and
found to have a binding energy of —21.3 kcal/mol. We also
discovered equilibrium 7 complexes involving C4 (8) and C7
(9) (Figure S), but as was the case for indole, no other
equilibrium 7 complexes were found. On the other hand,
equilibrium ¢ complexes were readily found at every ring
structure atom and those with 3-ethylindole bound to C4 (10)

5 n3a -232 6 n7a -22.6

Figure 4. M06/cc-pVTZ-optimized structures and binding energies
(kcal/mol) for complexes of the t-butyl cation with 3-ethylindole: 7 at
C3a (5) and C7a (6) and the transition state connecting them. The
numbers representing distance measurements are in A units. The
numbers in magenta indicate the numbering system for the non-
hydrogen atoms of 3-ethylindole and for the C* atom of the t-butyl
cation. The C15 numbering of the central carbon atom of the t-butyl
cation is used to emphasize the correspondence to the putative
carbocationic site of W186 in the X-ray structure> discussed later in
this manuscript.

8 n4 -228 9 17 214

Figure 5. M06/cc-pVTZ-optimized structures and binding energies
(kcal/mol) for complexes of the t-butyl cation with 3-ethylindole: x at
C4 (8) and C7 (9). The numbers representing distance measure-
ments are in A units.

and C3a (11) are shown in Figure 6. The C3a ¢ complex 11
was chosen for illustration because its formation obviously
destroys the aromaticity of the indole system, resulting in a
nonplanar structure with a drastically reduced binding energy
of —16.8 kcal/mol compared to that of the C4 6 complex 10 of
—33.0 kcal/mol. Binding energies for equilibrium complexes of
both types and for the transition state between the 73a and 77a
complexes calculated at the MO6/cc-pVTZ level*™*” and also
at the CCSD(T)/cc-pVTZ level’”** are listed in Table 1.
For the four 7 complexes, calculated NBO®* M06/cc-pVTZ
charges on the C* center are almost identical: 0.550 for z3a,
0.551 for 74, 0.550 for 77, and 0.541 for #7a. However, despite
the equilibrium C*—C,,, distance varying from 3.24 A in 73a

ring
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Figure 6. M06/cc-pVTZ-optimized structures and binding energies
(kcal/mol) for complexes of the t-butyl cation with 3-ethylindole: o at
C4 (10) and C3a (11). The numbers representing distance
measurements are in A units.

Table 1. Binding Energies (kcal/mol) Calculated at the
MO06/cc-pVTZ and CCSD(T)/cc-pVTZ Levels for ¢ and 7
Complexes of the t-Butyl Cation with 3-Ethylindole and for
the 73a — 7r7a Transition State™’

MO06/cc—pVTZ binding CCSD(T)/cc—pVTZ

molecule energy (kcal/mol)” binding energy (kcal/mol)”
o-complex 1 —36.87 —48.87
o-complex 2 —45.52 —52.92
o-complex 3 —41.50 —52.58
7-complex 3a —23.23 —23.87
o-complex 3a -16.79 —27.03
7-complex 4 —22.84 —23.17
o-complex 4 —33.03 —40.43
o-complex § —35.62 —43.96
o-complex 6 —35.66 —43.02
7-complex 7 —21.35 —22.46
o-complex 7 —33.12 —41.60
n-complex 7a —22.59 —23.62
o-complex 7a —20.24 —31.48
n3a — n7a T.S. -21.32 —22.20

“MO06/cc-pVTZ binding energies are calculated using geometries
optimized at the MO06/cc-pVTZ level with all stationary points
confirmed by harmonic frequency calculations. ?“CCSD(T)/cc-pVTZ
energies calculated at the M06/cc-pVTZ-optimized geometries.

(5) to 2.78 A in 77 (9), the binding energies for all four
equilibrium 7 complexes are remarkably similar.** Based solely
on the carbocation C* -- 7 interaction, complex 73a (5), with
the largest C*'—~C,;,, distance (3.24 A), might be expected to
have the weakest binding. But, as shown in Figure 4, the C—
H—7 stabilization in complex 73a is enhanced because it arises
from significant interactions with both the benzene and the
pyrrole rings. In contrast, complex 74 (8) (Figure S) has a
shorter C*'—C,,, distance of 2.84 A, suggesting a stronger C* --
7 system interaction than for z3a, but it has a weaker
contribution from C—H-—7 stabilization, which is significant
only with the benzene ring. These off-setting contributions
lead to binding energies for 7 complexes 3a (5) and 7a (6) that
are very similar to those for 7 complexes 4 (8) and 7 (9).
As shown in Table 1, the calculated binding energies of the 7
complexes are closely similar at the two computational levels,
but those of the o complexes differ markedly. This same
disparity was previously found in our study of the complex-
ation of ethylbenzene with the t-butyl cation.”’ In that case, the
calculated binding energies for the 7 complexes were very
similar, —16.3 kcal/mol at the M06 level® compared to —16.8
kcal/mol using the CCSD(T) method,*” whereas the binding
energies for the o complexes were quite different, —10.4 kcal/

mol at M06 vs —15.9 kcal/mol at CCSD(T). One possible
source of this discrepancy might be that the CCSD(T) energy
calculations were performed for geometries optimized using
the M06 approach. To explore this possibility, geometries of
the 7 and o t-butyl cation—ethylbenzene complexes were
optimized at the CCSD(T)/cc-pVTZ level.””** These
optimized structures are found to be in excellent agreement
with those calculated using the MO06 method.*® Moreover,
MO06 binding energies calculated for the t-butyl cation—
ethylbenzene complexes with structures optimized at the
CCSD(T)/cc-pVTZ level agree very closely with CCSD(T)
results obtained with the MO06-optimized geometries: —16.7
kcal/mol vs —16.8 kcal/mol for the 7 complex and —15.6 kcal/
mol vs —15.9 kcal/mol for the ¢ complex. These results
suggest that the MO06/cc-pVIZ method provides accurate
structures for both 7 and ¢ complexes in such carbocation-7
complex systems and gives calculated 7 complex binding
energies that agree very closely with those obtained at the
CCSD(T) level. Although the reason for the disparity between
the binding energies calculated by the two methods for o
complexes remains unclear,*® these findings provide strong
support for use of the M06/cc-pVIZ method for studying 7
stabilization energies for a carbocation with a tryptophan
residue.

Evaluation of Carbocation-z Stabilization Energy
Afforded by Tryptophan. With these results in hand, we
searched for literature reports that included active site X-ray
structures showing carbocation surrogates located proximate to
a tryptophan residue so that we could apply our knowledge of
3-ethylindole complexation as a guide to construction of
appropriate model structures for calculation of 7 stabilization
energies for that amino acid residue. As there were for
phenylalanine,””*® there are numerous examples of X-ray
structures depicting possible carbocation-7 interaction between
tryptophan and a carbocation surrogate.””*’~* We located
and examined the X-ray structures in almost all of these
referenced papers, looking not only for a clear and promising
geometric relationship between the tryptophan residue and the
bound unreactive substrate surrogate but also for a substrate
that was structurally similar at the putative carbocationic site.
For example, a substrate having the same trigonal hybridization
at the site of the positively charged carbon as in the natural
substrate should be a better surrogate for our purposes than
one with tetrahedral hybridization at that site. This
correspondence of trigonal hybridization was the case in our
initial estimate of the stabilization energy afforded to a
biochemical carbocation by phenylalianine,”’ as depicted in
Figure 1. Among the papers examined, the report by Tomita et
al,”®> mentioned in the Introduction, seemed particularly
promising. This article concerning the CotB2-catalyzed
cyclization of GGPP to cyclooctat-9-en-7-o0l is partially
summarized in Figure 7. This paper presents an X-ray structure
with the unreactive, modified substrate geranylgeranyl
thiodiphosphate (GGSPP), which meets the trigonal hybrid-
ization criterion, bound in the active site with C15 of GGSPP
clearly positioned to interact with W186 of CotB2, as shown in
Figure 8.”> The closest carbon atom of W186 to the putative
carbocation at C15 is C4 of W186 at a distance of 4.14 A, with
the angle £C7—C4—CI1S that relates 3-ethylindole to GGSPP
at 97.5°. The substantial binding energy of the 3-ethylindole --
t-butyl cation 7 complex at C4 (Table 1) is consistent with
C1S of W186 participating in this carbocation-z interaction.
Both Tomita et al.”* and Raz et al.”® have previously noted that
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PPO_

cyclooctat-9-en-7-ol D C

Figure 7. Abbreviated summary of the reaction catalyzed by CotB2,
showing the first steps in which GGPP is converted to the C1, C15,
and C8 carbocations (A, B, and C), followed by many steps leading to
the final carbocation D and then to the product cyclooctat-9-en-7-ol.

YN I~
I e~/ | | \
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Figure 8. Pertinent portion of the X-ray structure of the enzyme
CotB2 with the unreactive substrate GGSPP bound in the active site
proximate to W186. The distance measurement shown is in A units.

W186 is possibly positioned to provide stabilization to the C15
carbocation in the CotB2-catalyzed reaction. However, they do
not discuss or provide any estimate of the carbocation-z
stabilization afforded by W186 to the carbocation at C15. Also,
the distances they report are from the CI1S carbocationic
center to an undefined centroid of the indole ring of W186. As
noted in the Introduction, we have provided evidence that
carbocation-7 interaction is stronger over the periphery of an
aromatic ring (7' or 77> bonding) as opposed to bonding over
the center of the ring (n® bonding for benzene). Further
examination of the X-ray structure of GGSPP in the active site
of CotB2 provided further measurements of the area
surrounding C15 that afforded additional insight into the
mechanism of the formation and subsequent reaction of the
putative C1S carbocation. This aspect will be briefly discussed
before the details of our analysis of the C15* -- W186
interaction are presented.

As Tomita et al,*> as well as Major and co-workers,”® have
emphasized, the elaborate folding of GGPP in the active site of
CotB2 serves to facilitate all of the many steps that involve
carbocations in the reaction sequence from GGPP to product.
This precise folding is observed™ in the X-ray structure of the
active site containing unreactive surrogate substrate GGSPP,
which differs from GGPP only by replacement of O by S as the
atom connecting GG to P, relatively distant from C18. This X-
ray structure shows C14 only 3.17 A from C10,” the atom to

which C14 bonds to form the C1S carbocation (A to B, Figure
9). It has not been previously noted that this same folding of

Figure 9. Carbocation intermediates A, B, and C in the CotB2-
catalyzed reaction are shown with an emphasis on the folding of
GGSPP in the active site that facilitates the formation and subsequent
reaction of carbocation B, with measurements of the distances
between the atoms involved in these two reactions shown in A units.
The hydrogens added to C8 of GGSP are shown in magenta.

GGSPP also places C15 only 3.93 A from C8, the atom from
which a hydride transfer to C15 converts B to allylic
carbocation C. Using PyMOL,” we added hydrogen atoms
(colored magenta in Figure 9) to C8 to provide an estimate of
2.96 A for the distance between C15 and the hzydrogen atom to
be transferred from C8.>' Wu and co-workers,”* on the basis of
QM/MM calculations, report a C15—H—C8 distance of 2.57
A. These C15—H distances are obviously approximate, but
they do provide additional evidence that the folding of GGSPP
can facilitate the hydride transfer that effects the conversion of
carbocation B to allylic carbocation C (Figure 9). The
stereochemistry we show of the C8 hydrogen that is
transferred to C15 is the same as that indicated for this
reaction by Raz et al.”® The intricate substrate folding that
places C8, as well as C10, close to C15 means that negligible
conformational change is required for the conversion of B to C,
permitting this reaction to occur essentially immediately after
B is formed, with a calculated energy barrier of only 6.4 kcal/
mol.”® Based on this precise geometric organization of GGSPP
in the X-ray of the active site CotB2, it is reasonable to
conclude that the reaction of the natural substrate GGPP in
the same active site takes place in the same manner. This active
site geometry also furnishes hydrophobic protection of the
intermediate carbocations from unwanted nucleophilic
quenching, as discussed further below.

Returning to the effort to evaluate tryptophan stabilization
energy in a carbocation-z interaction, we first calculated the
energies of optimized complexes at distances between C15 and
C4 ranging in 0.2 A increments from 2.0 to 7.0 A. To conform
to measurements made on the X-ray structure™® (Figure 8), the
equilibrium 74 complex 8 was first modified by changing the
angle 2C,—C,—C;5>> from 91.3 to 97.5° and the dihedral
angle £C,—C;—Cg—C, from —96.0 to —80.2°. As mentioned
earlier, the angle 2C,—C,—Cs of 97.5° clearly shows that
carbocation-7 interaction is preferred over the periphery of the
ring rather than over some ring centroid, a preference which
we postulated and for which we provided supporting
evidence.”” With these modifications held constant, the
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binding energies of optimized complexes at each distance were
determined, analogously to the study reported previously’"**
for complexes of ethylbenzene with the t-butyl cation, to afford
the results displayed in graphic form in Figure 10.

-3.0
5.0 /J
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-11.0

-13.0
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R(C+ - C4) A

Figure 10. Distance dependence of the MO06/cc-pVTZ-optimized
binding energy for the t-butyl cation—3-ethylindole complex based on
the geometry of the 74 complex 8, slightly modified to resemble the
X-ray structure shown in Figure 8.

An additional complex at a binding distance of 4.14 A (12)
was of particular interest, of course, because that is the distance
from C4 of W186 to C1S of GGSPP in the X-ray structure
(Figure 8). In the calculation of the binding energy of this 4.14
A complex, the energy of the 3-ethylindole component was
optimized with the same constraints, angle £C,—C,—C; at
97.5° and dihedral angle £C,—C;—Cg—C,y at —80.2°, used to
obtain the data in Figure 10. When this 4.14 A structure was
optimized, it was immediately apparent that there is a striking
resemblance of this complex 12, shown in Figure 11, to the

“®c

(./ 16 15

®c

12 -157 13 -153

Figure 11. MO06/cc-pVTZ-constrained optimized structures and
binding energies (kcal/mol) for complexes of the t-butyl cation
with 3-ethylindole. The numbers representing distance measurements
are in A units. The numbers in magenta indicate the numbering
system for the carbon atoms of the t-butyl cation.

comparable portion of the X-ray structure (Figure 8). The
calculated binding energy of complex 12 is —15.7 kcal/mol,
providing the first estimate of the 7-complexation stabilization
energy that a tryptophan residue can provide to a biochemical
carbocation.

Complex 12 was then refined, while maintaining the
previous angular constraints, by use of numerous additional
measurements of distances, angles, and dihedral angles on the
portion comprising C15 and W186 in the X-ray structure

(Figure 8), in order to replicate as closely as possible the
geometry in the active site. The resulting refined model 13,
shown in Figure 11, confirms the visually evident geometric
similarity between complex 12 and the X-ray structure.”’
Complex 13 afforded a stabilization energy of —15.3 kcal/mol,
very similar to the —15.7 kcal/mol binding energy for 12. Any
attempt to explain this small 0.4 kcal/mol difference must be
made with caution, and it is not obvious from an examination
of structures 12 and 13 why the former is calculated to be
more stable. One possible contributing factor is that the angle
£C4—C15—C14 in model 13 is held at 158.3° the value
measured on the X-ray structure, whereas that angle is 147.8°
in optimized structure 12. The larger angle in the active site
structure in Figure 8 probably fosters the geometric proximity
and alignment of C14 to C10 to facilitate their bond formation
(Figure 9), as discussed earlier.

The calculated values of —15.7 and —15.3 kcal/mol for the
stabilization energies of complexes 12 and 13 are significantly
greater than the value of —10.7 kcal/mol calculated for the
constrained optimized t-butyl cation—ethylbenzene complex
(shown as 14 in Figure 12) at the same binding distance of

14 -107

Figure 12. Model 14. The MO06/cc-pVTZ-constrained optimized
structure and binding energy (kcal/mol) for the t-butyl cation—
ethylbenzene 7 complex with the C* -- C; distance fixed at 4.14 A.
The numbers representing distance measurements are in A units.

4.14 A. An analysis™ of the occupancies of the valence 7-type
NAO’s* shows a net 7 donation of 0.107 for complex 12
compared to a value of 0.024 for complex 14, suggesting that
part of the binding energy difference results from the greater -
electron-donating ability of 3-ethylindole. A difference in
contributions from C—H-—7 interactions is also likely to be
important. Estimates of the C—H—ux stabilization energies for
models 12 and 14 were obtained by calculating the binding
energy changes that result when the shortest C—H—-C,,
distances (2.4S and 2.48 A in complex 12 and 2.71 and 2.86
A in complex 14) were significantly increased to reduce the
C—H-r interaction. This was achieved by rotating the
relevant methyl groups around the C(Me)—C" axis in a way
that also avoids creating new, short C—H—-C, distances.”
The binding energy change thus calculated for complex 12 was
3.1 kcal/mol, whereas that for complex 14 was 1.6 kcal/mol.
These values suggest that stabilization from C—-H-=x
interactions not only contributes to binding in both complexes
but also enhances the binding in complex 12 to a greater
extent.

All the calculations described herein were done in the gas
phase with a dielectric constant € = 1, and the method of
analysis used does not allow any estimate of the effect of the
actual dielectric constant in the presumably rather hydro-
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phobic active sites of the enzymes involved. For hydrophobic
enzyme active sites of this type, values of € in the range of 2—4
are considered appropriate.”* We have previously calculated
the carbocation-7 binding energy at different values of € of the
continuous medium for model structure 1,>" and analogous
calculations for complex 12°° indicate that the stabilization
energy for complex 12 would be reduced from —15.7 kcal/mol
to approximately —9 to —6 kcal/mol at values of € = 2—4.
However, the dielectric constant of the continuous medium
does not describe the local environment of any individual
molecule. Further analysis of the X-ray structure presented in
Figure 8 shows that one side of the C15 carbocationic site is
protected by the folding of the bound GGSPP. This places the
hydrocarbon chain C14—C10 directly in line behind that C15
carbocation, facilitating formation of the bond between C14
and C10 (Figure 9) and providing a nonpolar hydrocarbon
shield on that side of C1S, as shown in Figure 13 (Figure 8

Figure 13. Portion of the X-ray structure of the enzyme CotB2
showing the hydrophobic shell provided by L216, L281, and W186
and part of the hydrocarbon chain of GGSPP surrounding the
putative carbocation at C1S5. The 70% transparent spheres represent
the van der Waals volumes of the associated atoms.

provides a different perspective of this geometry). On the other
side of C1S5, where it is not already proximate to the
hydrocarbon portion of W186, it is essentially covered by
the hydrocarbon portions of two leucines (L216 and L281).
These two residues, along with W186 on one face, and the
hydrocarbon portion of GGSPP on the opposite face of the
C1S carbocation, provide a protective hydrophobic shell for
the C1S carbocation (Figure 13). The resulting local effective
dielectric constant in which the carbocation intermediate is
imbedded is thus likely to be at the low end of the 2—4 ¢ range.
The results described herein confirm that the remarkably
intricate folding of the substrate GGSPP in the active site of
CotB2 furnishes a surrounding protective hydrophobic shell
and an array of precisely placed residues that facilitate both the
formation and further reaction of the CIS intermediate
carbocation. They also afford an evaluation of the stabilization
that this folding provides to that C1S carbocation through its
proximity in the active site to W186, the first such estimate
involving tryptophan as the z donor to a biochemical
carbocation.

B CONCLUSIONS

Employing the same strategy used in previous efforts to
evaluate the stabilization energy provided by a phenylalanine
residue to a biochemical carbocation intermediate via

31,32

carbocation-7 complexation, we have now studied tryptophan
as the 7z donor in such complexes. Initially, a general
investigation was conducted on the complexation properties
of indole and 3-ethylindole with the ¢-butyl cation in order to
get useful background information concerning the properties
of complexes involving these binding partners. As expected,
they showed a more varied reactivity than did ethylbenzene in
our earlier work, affording equilibrium ¢ complexes at all ring
atoms and equilibrium 7 complexes at C4, C7, C3a, and C7a.
The latter two complexes are of special interest because the
only previous study of indole—t-butyl cation complexation
reported only one equilibrium 7 complex in the C3a-C7a
region.'” The structures of the C3a and C7a equilibrium 7
complexes involving indole show that geometries permitting
good C—H-—r interactions of both its pyrrole ring and its
benzene ring with hydrogen atoms of two methyl groups of the
t-butyl cation are important contributors to enhanced binding.

With this background information, we sought literature
reports of X-ray structures with an unreactive surrogate ligand
for the putative carbocation and a tryptophan residue in
reasonable proximity to that putative carbocationic site.
Among the available possibilities, one reported by Tomita et
al.>® showed a particularly clear and promising relationship
between W186 and C15 of GGSPP at a distance of 4.14 A.
This X-ray structure also provided measurements affording
modest new insight into the mechanism at C15 during the
CotB2-catalyzed reaction. To get a general idea of what to
expect for m complex geometry as a function of binding
distance, we evaluated the binding energy of optimized C4-7
complexes of 3-ethylindole with the f-butyl cation at binding
distances from 2.0 to 7.0 A in 0.2 A increments while enforcing
certain angular relationships in the complexes. The binding
energy at 4.14 A, the distance measured on the X-ray structure
between C4 of W186 and C15 of GGSPP, was of course of
particular interest and was found to be —15.7 kcal/mol,
providing the first estimate of the stabilization energy that can
be conferred by tryptophan via carbocation-z complexation of
a biochemical carbocation intermediate. The similarity in
appearance of the pertinent portion of the X-ray structure to
this —15.7 kcal/mol complex, constructed with minimal
reference to that X-ray structure, is striking. A model was
then created that conformed as closely as possible to
measurements made on that active site X-ray structure. This
model afforded a calculated stabilization energy of —15.3 kcal/
mol, close to the value of —15.7 kcal/mol obtained from
optimization of the less carefully constructed model. The
stabilization energy of —15.3 kcal/mol thus calculated for
carbocation-7r interaction with a tryptophan is significantly
greater than the value of —10.7 kcal/mol we estimated for
phenylalanine acting as a 7 donor in a 7 complex with the same
binding distance of 4.14 A. An analysis suggests that the
enhanced binding for tryptophan results from both the greater
m-electron-donating ability of 3-ethylindole compared to that
of ethylbenzene and stronger C—H—r interactions. The X-ray
structure™ also provides evidence that the putative carbocation
at C1S is surrounded by a very hydrophobic shell created on
one side by adjacent amino acids L216, L281, and W186 and
on the other side by the adjacent hydrocarbon portion of
GGSPP, indicating that the dielectric constant in the region
local to that carbocationic center has a low value. The active
site of enzyme CotB2 thus serves to protect the intermediate
C1S5 carbocation in a highly nonpolar environment; to provide
a very favorable geometric arrangement of the neighboring
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amino acid residues that facilitates both formation and reaction
of that carbocation; and to stabilize the transient positive
charge at C1S via carbocation-z interaction with W186.

B COMPUTATIONAL METHODS

Computations were performed using the Gaussian 16 Rev.
C01°° and CFOUR v1.0°” software packages. Most calcu-
lations employed density functional theory with the MO06
functional®® and the cc-pVTZ basis set,”” and the ultrafine grid
option was used together with the weighting scheme of
Stratmann et al.’® For all unconstrained optimizations,
stationary points were characterized using vibrational frequen-
cies calculated within the harmonic approximation. For each
transition state, an intrinsic reaction coordinate calcula-
" was used to identify equilibrium structures lying on
a continuous path with the transition state. The very tight
option was selected for all the Gaussian 16 geometry
optimizations. Because structures for some of the model
complexes are not fully optimized, vibrational frequency
calculations were not performed on these systems, and thus,
all reported energies do not include zero-point vibrational
corrections.

We have validated®' the capability of the M06 functional for
providing reliable structures and accurate binding energies for
carbocation-7r interactions by repeating an extensive set of
computations at the CCSD(T)/cc-pVTZ level.’”** Atomic
charges and orbital occupancies were calculated using the
natural bond orbital analysis developed by Weinhold and co-
workers.’”** The PyMOL Molecular Graphics System, Version
2.4.0 Schrodinger, LLC.> was used extensively for depicting X-
ray structures and for making measurements of distances and
angles in portions of these structures. Tabulations of many of
the measurements made on model complexes constructed to
replicate the portion of their active sites comprising putative
carbocation-z interactions are provided in the Supporting
Information.
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