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Abstract: An intramolecular proton-transfer mechanism has been proposed for the carbocationic cyclization
of farnesyl pyrophosphate (FPP) to (+)-aristolochene catalyzed by aristolochene synthase. This novel
mechanism, which is based on results obtained by high-level ab initio molecular orbital and density functional
theory calculations, differs from the previous proposal in the key step of carbocation propagation prior to
the formation of the bicyclic carbon skeleton. Previously, germacrene A was proposed to be generated as
an intermediate by deprotonation of germacryl cation followed by reprotonation of the C6—C7 double bond
to yield eudesmane cation. In the mechanism proposed here the direct intramolecular proton transfer has
a computed barrier of about 22 kcal/mol, which is further lowered to 16—20 kcal/mol by aristolochene
synthase. An alternative pathway is also possible through a proton shuttle via a pyrophosphate-bound
water molecule. The mechanism proposed here is consistent with the observation that germacrene A is
not a substrate of aristolochene synthase. Furthermore, the modeled substrate—enzyme complex suggests
that Trp 334 and Phe 178 play key roles in positioning the substrate in the reactive orientation in the binding
pocket. This is consistent with experimental findings that mutations of either residue lead to pronounced
generation of aborted cyclization products.

Introduction (Scheme 1):® The enzyme binds FPP in a quasi-cyclic
conformation thereby facilitating attack of C1 in farnesyl cation
(2) by the C16-C11 double bond to produce germacryl cation
( 3).910 Proton loss from C12 leads to the production of
germacrene A4),'112which was then postulated to undergo
reprotonation of the C6C7 double bond and a further cycliza-
tion to form the bicyclic eudesmane catids).(Successive 1,2

Marine and terrestrial plants, fungi, bacteria, and insects
generate an enormous variety of sesquiterpenes with a multitude
of biological functions. The structural variation of sesquiterpenes
arises mainly in the cyclization step in which the universal
acyclic precursor farnesyl pyrophosphate (FBRs converted

to more than 300 distinct sesquiterpene products through the . . S ‘
action of sesquiterpene synthases, many of which share a hydride shift and methyl migration followed by loss ogitbn

common protein structure known as the terpenoid fofdA C8 result in the generation of{-aristolochene).™

common mechanistic feature of sesquiterpene formation is the Although several candidates have been proposed for the acid

initial cleavage of the alkyl pyrophosphate bond generating a that reprotonates germacrene 4, (including a proton shuttle

putative carbocation intermediate prior to the cyclization reac- from the solvent to Tyr 92 in the active site by way of Arg

tions. Without the pyrophosphate group, a strong acid would 200, Asp 203, and Lys 208;'2an unprecedented active site

be needed to activate the olefinic substfafe. oxonium ion}® or the pyrophosphaté there is a lack of
The enzyme aristolochene synthase (AS) frBemicillium experimental evidence to support them. The main difficulty of

roqueforti catalyzes the bivalent metal-dependent cyclization the above mechanism is the regeneration of another cation from

of FPP to ¢)-aristolochene®), the biochemical precursor of 4, which requires a strong acid.

several fungal toxins including the potentially lethal PR-toxin

(7) Hohn, T. M.; Plattner, R. DA. Biochem. Biophysl989 272 137-143.
(8) Proctor, R. H.; Hohn, T. MJ. Biol. Chem.1993 268 4543-4548.
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Scheme 1 mPW1PW/6-33%G(d,p), and MPWB1K/6-31G(d,p). Energy calcula-
tions were also made at the MP2/643&(d,p)//MPWB1K/6-34%G-

(d,p) level. When calculating the free energy of each species the
harmonic oscillator approximation was applied. For the lowest energy
vibrational modes, the frequencies of all vibrational modes below 100
cm™! were raised to 100 cn prior to the free energy calculations as

a way to approximately account for anharmonicity.

A transition state search was carried out on the initial geometry,
and transition stat&S1 was calculated. In order to identify transition
state precurso? the interatomic distance between C1 and C11 was
increased $ 2 A and a geometry optimization was performed to find
structure2.

The structure oR obtained using the AM1 method was subjected
to a relaxed potential energy surface scan where the reaction coordinate
was described as the €C11 interatomic distance. The approximate
structure of3 was optimized. A reaction coordinate based upon a C6
hydrogen atom and C12 was then defined, a transition state search
corresponding to the intramolecular proton transfer from C12 to C6
was performed, and transition stat82 was identified. From transition
state TS2 it was then possible to calculate the minimum energy
geometry of the eudesmane cati&n

Enzyme Model. The enzyme-substrate model was constructed by
an iterative approach using CHARMM for energy optimizaticand
Insight Il (Biosym Technologies Inc., San Diego, CA) for visualization
and further structural adjustment. The crystal structure of aristolochene
synthase fronPenicillium roqueforti(PDB code: 1DGP) was used as
a starting point® This structure is of the apoenzyme but contains a
modeled farnesol molecule. The transition structure for the intramo-

6 lecular proton transferT(S2) was kept rigid and used in the docking
calculations. The initial results from molecular docking followed closely
the results obtained by site-directed mutagenesis, which identified key
residues involved in metal ion bindidg. Then, the carbocation

We report here the results from density functional theory intermediate8 was used to replace that of the transition state structure.
(DFT) calculations in the gas phase on the cyclization of FPP All energy calculations were perfo_rmed using a combi.rjed quantum
along with molecular docking and modeling studies in the active Mechanical and molecular mechanical (QM/MM) potefitial which
site of AS, employing combined quantum mechanical and the carbocationic substra_tewastreated by the semiempirical AM1 model

. ._ .. and the rest of the protein and solvent was treated by the CHARMM22
molecular mechanical (QM/MM) methods. The characterization - )
. L . . force fielc? for the protein and the TIP3P model for watér.
of the inherent gas-phase reactivity of intermediates and Lo ) N .
o . . The active site consists of a pyrophosphate binding site mediated
transition states along the reaction pathway from farnesyl cation by

! . ) two Mg+ ions and a farnesyl folding pocket, characterized by both
(2) to eudesmane catiob)(provided the standard agent which  yjiphatic and aromatic residu&sin our model, the first Mg ion is

the effects of the active site of AS could be evaluated with. coordinated by a pyrophosphate bridge along with Ser 248 and Glu
These calculations reveal an alternative, more economical 252 and two water molecules. Asn 244, which has been described as
reaction pathway, in which protonation of the ©67 double one of the three residues in the Mdinding triads, forms a hydrogen-
bond is accomplished by intramolecular proton transfer rather bonding network by donating a hydrogen bond to the P1-phosphate
than through the involvement of a general acid. group and by accepting a hydrogen bond from Ser*24#e role of

In the following, we first describe the computational details ASN 244 is essential, and it is the only residue of the?Mginding

used in the present study, which is followed by Results and triads whose single-mutation completely abolishes the enzyme aétivity.
Discussion. We compare the proposed mechanism with availabIeThe double roles of the hydrogen-bonding network, coordinating both

. tal ob fi Th . luded with the pyrophosphate ion and Ser 248, are consistent with experimental
experimental o Serya '9”3_' € pgper IS concluded with & e rvations. The second Ktgon is coordinated to the P2-phosphate
summary of the major findings of this work.

group, which is exposed to the solvent and is located in the aspartate-

rich domain, consisting of Asp 115, Asp 116, and Asp ¥t

addition, the charges of the pyrophosphate ion are further compensated
Gas-Phase CalculationsAn initial structure for3 was constructed by an ion-pair interaction between the P1 phosphate group, Arg 329

using the HyperChem software (Hyperchem 7.0, Hypercube, Inc. 1115 gnd a water molecule.

NW 4th Street, Gainesville, FL 32601 USA) and this geometry was  The enzyme may actually function in the presence of three

refined using molecular mechanics and AM1. The structure was then magnesium ions. X-ray crystal structures have been obtained for the

modified using the Molden structure visualization progfaim produce apoenzym® and for the tetrameric AS from. terreud* where the
an approximation of the proposed transition stB&i.

Calculations were performed using Gaussian03, revision'®a0t
Gaussian03, revision B.05. A variety of semiempirical and density
functional theory methods were employed, namely AM1, PM3,

Methods

(17) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M.J. Comput. Chenil983 4, 187-217.

(18) Caruthers, J. M.; Kang, I.; Rynkiewicz, M. J.; Cane, D. E.; Christianson,
D. W. J. Biol. Chem200Q 275 25533-25539.

(19) Gao, JRev. Comput. Chem1995 7, 119-185.

(15) Schaftenaar, G.; Noordik, J. H.; Mold@nComput.-Aided Mol. De200Q
14, 123-134.
(16) Frisch, M. J., et alGaussian O3revision B.05/D.01.

(20) MacKerell, A. D., et alPhys. Chem. B998 102, 3586-3616.
(21) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926-935.
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o Table 1. Free Energies, AG°gs, Of Reaction Intermediates for the
IL Conversion of Farnesyl Cation (2) to 5; All Energies Are Reported
Relative to the Free Energy of Farnesyl Cation (2)2

AG° 5 (kcal/mol)

2 TS1 3 TS2 5
AM1 0 18.9 2.6 30.6 —16.2
TS1 PM3 0 18.2 35 22.3 —14.7
mPW1PW 0 8.6 3.8 29.0 —25.2
MPWB1K 0 9.9 11 27.1 —31.6
MP2° 0 4.12 —1.53 21.8 —38.6

aThe 6-3H-G(d,p) basis set is used in all DFT calculatioh®etermined
by single-point energy calculations using the MPWB1K optimized structures.

AG ,4; (kcal /mol)
(=]
1

1

N

o
1

Figure 1. Structures, reaction intermediates, and transition states for the
conversion of farnesyl catio to eudesmane catioh as obtained from -40
MPWB1K/6-31+G(d,p) calculations. The values obtained by the cal-

culations for the distanced, dz, d3 and the anglest andj are listed in RC >
Table 1.

Figure 2. Free energy diagram for the conversion of farnesyl cat&mg(

. . . . eudesmane catiorb) along an arbitrary reaction coordinate. All energies
active site of one subunit was occupied by a pyrophosphate molecule gre relative to that o2, which was set to 0 kcal/mol. Lines represent the
bound to three Mg ion%! In the latter structure, the third magnesium  results from AM1 (light blue), PM3 (red), mPW1PW (yellow), MPWB1K
ion contains four water molecules as ligands, suggesting that it is not (green), and MP2 (purple) calculations. MP2 results aré\iat the MP2/
tightly associated with the protein. Since the focus in this work was 6-31+G(d.p)/MPWB1K/6-3%-G(d,p) level.
the proton-transfer mechanism rather than the metal binding interactions, )
the present modeling study of the enzymatic reaction provides a €XPensive methods, we also compared the results to those

reasonable assessment of the proton-transfer pathway. obtained using the neglect-of-diatomic overlap methods AM1
_ _ and PM3%
Results and Discussion Overall broad agreement was observed between the results

obtained using density functional theory (mPW1PW and
MPWB1K), MP2, and semiempirical methodologies (AM1,
PM3) (Table 1, Figure 2). The results generated by AM1 and
PM3 methods were remarkably similar to those obtained from
the more sophisticated DFT methods, suggesting that it is
reasonable to use these methods to examine the effect of the
enzyme on the reaction energetics. The conversiof tf 3
was slightly endergonic for all methods except MP2, while the
intramolecular proton transfer viBS2 was strongly exergonic
for all methods (Table 1, Figue 2). The free energylf&R2 is
approximately 23 to 26 kcal/mol higher than thaBpfvhereas

it was found thaf7, where the carbocation is located on C7, is
not an intermediate before cyclization %o The distancesl;
between C2 and C7 i& (3.1 and 2.92 A for DFT) and ifS2
(3.02 and 2.98 A) were similar (Table 2). In eudesmane cation
(5), however, this distance was shortened to 1.66 or 1.64 A
indicating the formation of a sigma-bond between C2 and C7.
The migrating proton was approximately equidistant between
C12 and C6 inTS2 at all levels of theory (Figure 1, Table 2).
The anglex between C6, the transferring proton, and C12 was

In the previously proposed reaction mechanism for the AS-
catalyzed conversion of FPP to aristolochene, the high-energy
carbocationic intermediat&is converted to the neutral germa-
crene A b) through proton loss from C12 (Scheme 1). Energy
minimizations of3 revealed that the protons of the C12 and
C13 methyl groups could be brought into close proximity to
the C6-C7 double bond by rotation of the isopropyl group
thereby suggesting an intramolecular proton transfe8 io
generate5 (Scheme 1, Figure 1). In such a mechanism,
germacrene A is not a reaction intermediate but rather a side
product formed by the abstraction of a proton and quenching
of the positive charge on C11 & From the structure 08,
optimized by density functional theory, the free energies of the
transitions states prior to and followir®) (TS1 and TS2) as
well as those of and5 were calculated using the mPW1PR¥W
and MPWB1K: density functionals, and the MPWB1K opti-
mized geometries were used to perform single-point energy
calculations using second-order Mghdrlesset perturbation
theory (MP2). To test the performance of computationally less

(22) Adamo, C.: Barone, \0. Chem. Phys1998 108 664675 between 151and 162 suggesting that the stereochemistry of
(23) Zhao, Y.; fruhlar, D. GJ. Phys. Chem. 2004 108 6908-6918.
(24) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J.. J. Am. (25) Stewart, J. J. Rl. Comput. Chenl989 10, 209-220.

Chem. Soc1985 107, 3902-9. (26) Marcus, R. AFaraday Symp. Chem. Sat975 108 664.
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Table 2. Distances di, do, and ds as well as the Angles o and
for the Conversion of 3 to 5, the Dihedral Angle  between C9,
C10, C11, and C12 in Germacryl Cation (3) and in 3* (3 with § as
Calculated for TS2) (as Defined in Figure 1), and the Energy
Barrier for the Conversion of 3 to 3*

d & & o« B
BB B e
AEG3— 3
3 T2 5 52 3 3 (kealmol)
AM1 2.92 299 155 1.45 145 151 23.6252 1.9
PM3 3.09 3.03 1.55 1.45 1.45 151 159299 15

mPW1PW 3.10 3.02 1.66 1.46 1.44 161 18#419.9 1.0
MPWB1K 3.00 2.98 1.64 147 1.46 159 15.918.3 0.02

- 14.5
S . .
£ . * - . *
< . 135 .
© ¢ .
3 * °
x 425 .
> ¢ . 3
o ' Figure 4. Sketch of the model of the calculated transition state structure
5 . *J15 . ¢’ TS2and of pyrophosphate in the active site of BRurple spheres indicate
c . * . . the Mg?" ions. The residues of the Mg binding triad as well as Tyr 92,
w .‘ X . Phe 178, Asn 244, Trp 334, and Arg 339 are indicated. A water molecule
* .o ¢ bonded to the pyrophosphate group and in close proximity to the transferring
. . * proton and water molecules involved in metal coordination are indicated.
L] L L] 1
-200 -100 0 100 200
Dihedral (degrees) of the enzyme-substrate complex. The enzymsubstrate

Figure 3. AM1 energy of germacryl catior3} as a function of the C9, model was constructed based on the results of site-directed
C10, C11, and C12 dihedral anghe E = 0 kcal/mol corresponds to the  mutagenesis experiments, which revealed different amounts of
value of3 in 3, while the red point indicates the energy3for f in 3*. aberrant cyclization products in various mutant enzy?iéa3.27

The active site consists of a pyrophosphate binding site,
facilitated by two Md@" ions, and a farnesyl folding pocket,
characterized by aliphatic and aromatic residues (Figufé 4).
In our model, the first Mg" ion is coordinated by a pyrophos-

and C7 is concerted with the intramolecular proton transfer. Phate bridge along with Ser 248 and Glu 252 and two water
In the Marcus theory of proton transférthe free energy of molecules. Asn 244, which has been described as one of the

activation is partitioned into that associated with the bond three residues in the Mg binding triads, forms a hydrogen-

rearrangement and another part which represents the motionPonding network by donating a hydrogen bond to the P1-
necessary to reach the configuration or orientation in which the Phosphate group and by accepting a hydrogen bond from Ser

rearrangement can take place. An efficient proton-transfer 248 The rgle_of Asn 244 is essential, and it is the only residue
process requires not only a low intrinsic barrier but also that ©f the Mg* binding triads whose single mutation completely
abolishes the enzyme activity. The double roles of the

the free energy required for the pre-rearrangement not be large. . e b

The reaction energy profile for the formation ®findicates a  nvdrogen-bonding network, coordinating the positions of both

cyclization-induced preorganization of the molecular structure the Pyrophosphate ion and Ser 248, are consistent with the
experimental observation. The second@n is coordinated

in that the initial cyclization step forces the terminal isopropyl o%r
group to orient the C12 methyl group toward the-@% double ~ t© the P2-phosphate group, which is exposed to the solvent and
is located in the aspartate-rich domain, consisting of Asp 115,

bond followed by a further rotation of about 4@round the o
C10-C11 single bond during the formation of the transition ASP 116, and Asp 11% In addition, the charges of the
jpyrophosphate ion are further compensated by an ion-pair

state. To evaluate the energetic cost of this rotation, the potential -
energy as a function of the dihedral anglen 3was calculated ~ INtéraction between the P1 phosphate group and Arg 329 and a
water molecule ide infra).

(Figure 3 and Table 2). The energy of the struct@re at which o .
p is the same as that inS2 is between 0.02 (for MPWB1K) The famesyl-binding pocket was modeled by using the
and 1.9 kcal/mol (for AM1) higher than that &f indicating cyclization intermediate3 as the template. Consistent with
that the rotation around the C@11 bond contributed only a experiments that revealed inversion of configuration a1,
small amount to the energetic cost of the conversior3 td we placed the C1 carbon closer to the pyrophosphate ion and
TS2 (Figure 3 and Table 2). Thus, the major contribution to e €10 carbon away from the pyrophosphate group (Figure
the energy barrier separatirgjand 5 is associated with the 4). Other key structural features are that Trp 334 is about 3.5 A
transfer of the proton from C12 to Cé. from the C4 atom while, on the opposite side, Phe 178 is about
To illustrate that intramolecular proton transfer is a plausible 3-2 A from the putative isopropyl cation. The latter residue is

mechanism in the active site of AS, we have generated a modelPredicted to be particularly important for restraining rotation
about the C16C11 single bond 08, resulting in specific proton

(27) Forcat, S.; Allemann, R. KOrg. Biomol. Chem2006 4, 2563-2567. loss from C12 in product formatioH. The only polar residue

the transfer does not require a large distortion from linearity
(Table 2). The absence of an intermediate with a positive charge
on C7 suggests that the formation of thxond between C2

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13011
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Table 3. Relative Enthalpies between the Two Structures, catalytic efficiencies of the mutants were reduced by almost 4

gg{;’lﬁ’:steiﬂ ?getgeag%?g'sneegn%'\ﬂ'\fm E?fg;ﬂg!af%rntg'fhiuéﬁttglzy orders of magnitude mainly as a consequence of significantly

of Activation, AH, as Well as the Change in Enthalpy, AAH, smaller turnover numbers. In our active site model, Trp 334

Resulting from the Interaction with the Enzyme and the Solvent together with Phe 178 provides key anchoring roles that restrict
3 TS2 AH AAH the folding and movement of the substrate. Mutations of Trp

(kcal/mol)  (kcalimol)  (kcal/mol)  (kcal/mol) 334 to smaller residues relieve such restraints, resulting in

AHz (gas phase) 194.4 221.2 26.8 0 configurations more suitable for proton abstraction from C12
AHgmimm (€nzyme) 1145  —-950 19.5 —7.3 in the intermediate, which has a smaller free energy barrier

AHgmmm(enzyme with  —114.2 —-92.2 22.0 —-4.8

active site water) than the intramolecular proton transfer. In the same vein, the

results presented here would predict that mutations of Phe 178
aThese values include electronic energy, nuclear repulsion zero-point to smaller residues such as alanine or valine would lead to an

vibrational energy, and thermal vibrational contributions. The vibrational jncrease in aborted products. This was indeed found in the

energies were computed with frequencies below 100 wave numbers raised . — . .

to 100 wave numbers. mutant AS-F178%° where, in addition to substantially increased

levels of germacrene Ay- and-selinenes as well as selina-

. . , o . 4,11-diene andH,E)-a- and E)-B-farnesenes were observ&d.

in the farn.es.yl binding pocket is Tyr 92, which is located in oy, the gther hand, only minor changes in the product distribu-

cIosg proximity to the C6C7 double bond. The water njolepule tion resulted when tyrosine replaced phenylalanine. The in-

that is hydrogen-bonded to the phosphate group is Sltuatedtramolecular proton-transfer mechanism is consistent with these

rOPg*_"V betyveen the phosphate group and the centé bi experiments, whereas it cannot easily be explained by previous
principle, this water could act as a proton shuttle for transfer proposals

I/:/cz;igr”;)?i (%tzﬁ;ggtirmlr{group to the €&7 double bond via a In a previously published study, the isotope labeled substrates
‘ 12,12,124H3)-FPP and 13,13,134fi3]-FPP were incubated with

We used this model of the enzymsubstrate complex to St A ilus € <0 determine the st hemist
examine the effects of the enzyme on the relative energies along:fq rom ASperius tereusio determine te stereochemistry

11 i
the cyclization cascade and evaluated the relative stabilization?g rir(étorlloss. At\)nz:lys![_s of the prO%UCttS gf—z' '.\IMR revealef[i ith
energies foB andTS2 within the active site using the combined at deuteron abstraction occurred & In agreement wi

QM/MM method?!® AM1 and CHARMM were used for the QM 'tf}ef |ntramollecul?r ﬂroton—;ra}nsfgr _melcha_nlsm [f)rgposed here.
and MM components, respectively. We found thes2 is nfortunately, only the methyl and vinyl regions of the spectrum

stabilized by 5 to 7 kcal/mol in the enzyme relative to the gas- were rgqogted n de:]a” wr;:le the r(Tglfon Of(;%NMR specct:rgm Id
phase barrier (Table 3) indicating that the enzyme environmentiroun ’ gpm,w ergt e;tl)ggas rom eultqerons on | ;VOU

is capable of further reducing the already reasonable barrier e expec_te » was not escribe - However, the potential absence
height for the intramolecular proton-transfer pathway. An of deuterium incorporation at C6 would not exclude a transfer
environmental effect of this magnitude would bring the overall of the label from C12 as proposed here but may simply suggest

barrier height to a value of about 16 to 20 kcal/mol which is a 2" indirect mechanism in which the transfer occurs by way of

reasonable range compared with the experimental rate con-2" active site general acid such as a bound water molecule or

stant’-28 the pyrophosphate grodp.Such a water molecule has been
The results presented here suggest an energetically feasibiddentified in the model of the transition staeg2) in the active

pathway for the production & from 3 that does not go through site of AS (Figure 4).

the intermediate germacrene A. Rather an intramolecular proton

transfer from C12 to C6 ir8 occurs which bypasset The

small amount of germacrene A produced by the wild type  The computational results presented here provide a thermo-
enzyme is the result of proton loss from C123ro generate  dynamically feasible reaction mechanism for the conversion of
the isopropylidene group o#. The mechanism proposed farnesyl to eudesmane cation during AS catalysis that, to the
here is supported by the observation thas not a substrate of  pest of our knowledge, is in agreement with all available
AS 12 experimental data. There is precedent in other enzymatic
Itis also consistent with mutagenesis experiments. When Tyr terpenoid cyclizations for such intramolecular proton transfer
92 was replaced with Phe significant amounts of aristolochene that avoids the quenching and regeneration of high-energy
were still produced albeit with reduced catalytic efficieA®{? 13 carbocationic intermediat@8:32 Hence the highly economical
suggesting that the presence of Tyr 92 was not mandatory for mechanism for aristolochene synthase proposed here might be

the synthesis 0f. The mechanism proposed here suggests that 5 general reflection of the high synthetic efficiency in the large
Tyr 92 provides electrostatic stabilization of the development tamily of terpenoid synthases.

of the transient C7 cation as a result of the intramolecular proton

transfer and is consistent with the productiorbdfy the mutant Acknowledgment. The financial support of the Biotechnology

protein. and Biological Science Research Council (R.K.A., N.J.Y.) is
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