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Molecular replacement calculations were performed with PHASER (Storoni, 2004) using 

the atomic coordinates of native EIZS (less ligands and solvent atoms) as a search probe. 

The electron density clearly revealed the V329A mutation. Iterative cycles of refinement 

and manual model building were achieved with PHENIX and COOT, respectively. Ions, 

PPi, BTAC, and water molecules were included in later cycles of refinement. Individual 

atomic B-factors were utilized. Data collection and refinement statistics for the V329A 

EIZS-Mg2+
3-PPi-BTAC complex are listed in Table 7.2.  
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Table 7.2. EIZS active site mutant data collection and refinement statistics. 

 
EIZS Structure: 

F198A 
Mg2+

3-PPi-
BTAC 

complex 

L72V 
Mg2+

3-PPi-
BTAC 

complex 

A236G 
Mg2+

3-PPi-
BTAC 

complex 

V329A 
Mg2+

3-PPi-
BTAC 

complex 
Data      
   Wavelength, Å 1.075 0.9795 0.9795 0.9795 
   Resolution, Å 50 – 1.64 50 – 2.10 50 – 1.76 50 – 1.95 
   Unique reflections 45,831 22, 011 37, 050 26,839 
   Completeness*, % 99.8 (100) 99.9 (99.2) 99.2 (98.2) 97.3 (97.4) 
   Redundancy* 3.6 (3.5) 3.6 (3.5) 3.3 (3.1) 4.2 (3.7) 
   Rsym* †  0.062 

(0.238) 
0.104 

(0.301) 
0.071 

(0.339) 
0.116 

(0.432) 
Refinement     
   Rcryst/Rfree

‡ 0.156/0.190 0.156/0.206 0.159/0.203 0.152/0.201 
   r.m.s.d. bonds, Å 0.015 0.007 0.009 0.007 
   r.m.s.d. angles, o 1.6 1.050 1.167 1.014 
   r.m.s.d. dihedral angles, o 18 15 17 17 
No. of atoms     
   Protein atoms 2858 2788 2801 2812 
   Solvent atoms 467 272 357 376 
   Ligand atoms 31 31 31 42 
Ramachandran plot     
   Allowed, % 95.0 94.0 94.7 94.0 
   Additionally allowed, % 5.0 6.0 5.3 6.0 

 
*Values in parentheses refer to the highest shell 
† Rsym = ∑Ih - <Ih>/∑Ih, where <Ih> is the average intensity over symmetry equivalent 
refections.  
‡Rcryst = ∑|Fobs| - |Fcalc|/∑|Fobs|, where summation is over the data used for refinement. 
Rfree was calculated as for Rcryst by using 5% of the data that was excluded from 
refinement. 
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 7.2.3 Radioactive substrate kinetic assay of EIZS mutants 

EIZS mutants were assayed as previously described (Lin, 2006) in 50 mM 

piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES) (pH 6.5), 20 % glycerol, 100 mM 

NaCl, 10 mM MgCl2, and 5 mM BME. Each series of assays was performed 2-3 times 

using concentrations of [1-3H]FPP (100 mCi/mmol) ranging from 0.025 to 50 µM. The 

optimal enzyme concentration for each mutant was determined where the dependence of 

product formation on enzyme concentration was linear and less than 10% of the substrate 

was turned over: wild-type (1 nM), F96A (20 nM) , F198A (20 nM), W203F (20 nM), 

L72V (2.5 nM), A236G (2.5 nM), and V329L (2.5 nM). A 1-mL reaction mixture in a 

test-tube was overlaid with 1 mL hexane immediately after addition of substrate, covered 

with aluminum foil, and incubated for 15 min at 30 °C. The reaction was quenched by 

addition of 75 µL of 500 mM EDTA (pH 8.0) and vortexed for 20 s. The hexane extract 

was passed through a silica gel column directly into a scintillation vial containing 5 mL 

of scintillation fluid. The aqueous phase was extracted with an additional 2 x 1 mL 

hexane and passed through the same silica gel column. Finally, the column was washed 

with an additional 1 mL hexane. A Beckman scintillation counter was used to measure 

product formation, and the substrate concentration versus rate of product formation data 

was fit by nonlinear regression using the program Prism to determine kcat based on the 

known total enzyme concentration. For the L72V, A236G and V329A EIZS mutants, the 

method was adapted to a 0.5 mL reaction volume format, however the volume of hexane 

used for the extraction was not changed.  
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7.2.4 GC-MS Analysis of Product Arrays Generated by EIZS Mutants.  

The substrate, farnesyl diphosphate (60 µM), was incubated with 40 µM mutant 

EIZS (F96A, F198A or W203F) in 6 mL buffer (50 mM PIPES, 15 mM MgCl2, 100 mM 

NaCl, 20% glycerol, 5 mM BME) and overlaid with 3 mL HPLC-grade n-pentane in a 

glass test tube at 30 °C for 18 h. Reaction products were extracted with n-pentane 3 

times, dried with anhydrous MgSO4, and concentrated on an ice-water mixture under 

reduced pressure until the volume was reduced to 100 µL. The products were analyzed 

using an Agilent 6890 GC/JEOL JMS-600H mass spectrometer, using a 30 m x 0.25 mm 

HP5MS capillary column (Department of Chemistry, Brown University) in EI (positive) 

mode  mode using a temperature program of 60-280 °C, with a gradient of 20 °C /min 

and a solvent delay of 3.5 min. Analysis of the organic extracts resulting from the 

incubation of FPP with the mutant cyclases by GC-MS reveals the formation of mixtures 

of sesquiterpene hydrocarbons with m/z = 204. Compounds were identified by 

comparison of their individual mass spectra and chromatographic retention indices with 

those of authentic compounds in the MassFinder 3.0 Database (Harangi, 2003). 

 

7.3 Results 

 7.3.1 Radioactive Substrate Kinetic Assay  

  The steady-state kinetic parameters, KM and kcat, of the WT and mutant enzymes 

were measured by a radioactive substrate (3H-FPP) assay. Scintillation counting was used 

to monitor the amount of tritium labeled organic products generated by the enzyme 

during a fixed time. For WT and mutant EIZS, a plot of initial velocity versus substrate 

concentration (Figures 7.1 and 7.2) was used to determine the steady-state kinetic 
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parameters using non-linear regression. The resulting kinetic parameters, summarized in 

Table 7.3, indicate that the mutations only modestly affect KM, with respect to WT EIZS. 

This result is expected since the residues required for recognition of the substrate 

diphosphate (R194, K247, R338, and Y339) are not affected by the mutations. However, 

the rate of the reaction is affected by some of the mutations. Specifically, the three 

aromatic mutants (F98A, F198A, and W203F), cause a dramatic decrease in kcat of two 

orders of magnitude, resulting in overall catalytic efficiencies (kcat/KM) decreased 205- to 

275-fold. The aliphatic mutations (L72V, A236G, and V329A), however, do not result in 

decreased reaction rates, and thus retain the catalytic efficiency of the WT protein. It is 

important to note however that this assay simply measures tritium-labeled products 

extracted in hexanes, therefore the total product yield of the WT or mutant EIZS contains 

a mixture of sesquiterpene products. Furthermore, the activity of the enzymes may be 

underestimated, since hydroxylated products may not be extracted with this procedure. 

This is particularly important in the case of the aromatic mutants, which may be able to 

accommodate solvent molecules in their active sites (Section 7.4.1), which may increase 

the proportion of hydroxylated products. 
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 Figure 7.1. Initial rate versus substrate concentration for the reaction of WT and 

aromatic mutant EIZS with FPP. (a) WT EIZS. (b) F96A EIZS. (c) F198A EIZS. (d) 

W203F EIZS.  

 



 114 

 

 Figure 7.2. Initial rate versus substrate concentration for the reaction of aliphatic 

mutant EIZS with FPP. (a) L72V EIZS. (b) A236G EIZS. (c) V329A EIZS.  
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Table 7.3. Steady-state kinetic parameters for wild-type EIZS and site-specific 

mutants. 

Protein kcat  
(s-1) 

KM  
(nM) 

kcat/KM  
(M-1s-1) 

WT 0.045 ± 
0.003 

710 ± 
100 

6.3 ± 0.1 
× 104 

F96A 0.00024 ± 
0.00002 

770 ± 
130 

310 ±  
60  

F198A 0.00030 ± 
0.00002 

1200 ± 
200 

250 ± 
 45 

W203F 0.00034 ± 
0.00003 

1450 ± 
200 

250 ± 
 45 

L72V 0.044 ± 
0.003 

600 ± 
120 

 7.3 ± 1.5 
× 104  

A236G 0.066 ± 
0.002 

450 ± 
50 

1.5 ± 0.2 
× 105 

V329A 0.126 ± 
0.007 

470 ± 
80 

2.7 ± 0.5 
× 105 

 



 116 

7.3.2 GC-MS Analysis 

The sesquiterpene products of the F98A, F198A, and W203F mutants were 

separated and identified by gas chromatography-mass spectrometry (GC-MS) as GC 

peaks with corresponding MS parent ions having m/z of 204 (C15H24) in the MS. The gas 

chromatograms of the products of the three aromatic mutants, shown in Figure 7.3, 

illustrate very unique product arrays for each mutant. The identity of each peak was 

confirmed by comparison of the observed mass spectra from the MassFinder 3.0 database 

(Figure 7.4). Several products could not be identified from the available MS data, and are 

recorded as unknown sesquiterpene products (Figure 7.5). Results are summarized in 

Table 7.4.    

 

As expected, the product array is severely altered in the aromatic site-specific 

EIZS mutants. However, the formation of each sesquiterpene product identified can be 

reasoned to be a result of derailing the proposed EIZS cyclization pathway (Figure 7.6). 

Notably, none of the three active site aromatic mutants generate epi-isozizaene as a major 

product; indeed, no epi-isozizaene whatsoever is generated by the F198A mutant, and the 

active site contour of this variant as observed in the crystal structure of the F198A EIZS-

Mg2+
3-PPi-BTAC complex is more complementary in shape to bisabolene-derived 

cyclization products such as β-acoradiene, as illustrated in Figure 7.7. Notably, β-

acoradiene is not generated by wild-type EIZS, so the appearance of this spiroterpenoid 

represents a new catalytic activity introduced by a single amino acid substitution. 
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Figure 7.3. Gas chromatographs of hexane extracts of reaction of mutant EIZS 

with FPP. Unidentified products are labeled as A-E, and identified products are labeled 

as follows: Sesquisabine (1), β-farnesene (2), epi-Isozizaene (3), Zizaene (4), β-

acoradiene (5), Z-α-bisabolene (6), Sesquiphellandrene (7), Z-γ-bisabolene (8). (a) F96A 

EIZS. (b) F198A EIZS. (c) W203F EIZS.  
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 Figure 7.4 (Following pages). Mass spectra of identified sesquiterpene products 

of F96A, F198A, and W203F EIZS. For each product the experimental MS is shown on 

the left and the reference MS from the MassFinder 3.0 database is shown on the right. (a) 

Sesquisabine. (b) β-farnesene. (c) β-acoradiene. (d) Zizaene. (e) Z-α-bisabolene. (f) 

Sesquiphellandrene. (g) Z-γ-bisabolene. 
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Figure 7.5. Mass spectra of unidentified sesquiterpene products (a-e) of F96A, 

F198A, and W203F EIZS, and (f) epi-Isozizaene. 
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Table 7.4.  Distribution of sesquiterpene products from wild-type EIZS and site 

specific mutants. Relative product percentages were calculated from the relative peak 

areas of the sesquiterpene products. The relative product proportions are based on the 

assumptions that the relative areas of the peaks in the gas chromatogram represent the 

relative proportion of each sesquiterpene analyte, and the concentration of each 

sesquiterpene analyte is within the linear range for detection by the instrument.  
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WT - 2 5 79 9  - 1 - - - - - 2 

F96A 7 9 70 8 - - - - 7 - - - - - 

F198A 6 20 5 - - 12 6 13 24 - 7 7 - - 

W203F 4 7 6 14 7 - - - 47 6 - 8 3 - 
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OPP -OPP

OPP OPP

farnesene Z-γ-bisabolene

H

HH

H

epi-isozizaene

α-cedrene

H

zizaene

sesquisabinene-A

H

sesquiphellandrene β-acoradiene

Z-α-bisabolene

farnesyl diphosphate
------- nerolidyl diphosphate -------

- OPP-

- H+

- H+

- H+

- H+

- H+

- H+

- H+

- H+

- H+
bisabolyl cation

- H+

α−neocallitropsene

WT 5 %
E248D 13 %
F96A 70 %
F198A 5 %
W203F 6 %

WT 2 %
D99E 24 %
D100N 7 %
N240D 6 %
S244A 4 %
F96A 9 %
F198A 20 %
W203F 7%

F198A 6 %
F96A 7 %
F198A 24 %
W203F 47 %

F198A 12 %

WT 1 %
F198A 13 %

WT 9 %
D99E 8 %
D100N 7 %
N240D 5 %
S244A 4 %
E248D 4 %
W203F 7 %

WT 79 %
D99E 62 % 
D100N 83 %
N240D 84 %
S244A 91 %
E248D 81 %
F96A 8 %
W203F 14 %

D99E 3 %
N240 D 3 %WT 2%

  

 

 Figure 7.6. Proposed cyclization cascade for observed products of WT and 

mutant EIZS. Biosynthetic versatility of EIZS can be manipulated by site-directed 

mutagenesis, as illustrated for sesquiterpene products identified for wild-type (WT) and 

mutant cyclases. In general, more diverse sesquiterpene product arrays result from the 

substitution of aromatic residues defining the active site contour (red labels) than from 

substitution of residues that coordinate the Mg2+ ions required for catalysis (blue labels 

(Lin, 2009)). For example, F198A EIZS does not generate epi-isozizaene at all, but 

instead generates a mixture of sesquisabinene-A, Z-α- and Z-γ-bisabolenes, 

sesquiphellandrene, and β-acoradiene as its major cyclization products. Remolding the 

active site contour permits the generation of alternative products as long as they can be 

accommodated within the remolded template, as illustrated for β-acoradiene in Figure 

7.7.  
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Altering the active site contour of EIZS alters the conformations and cyclization 

trajectories of FPP and reactive carbocation intermediates, and the formation of 

alternative products appears to depend on how well a particular alternative product fits 

the remolded active site contour in a mutant cyclase. Additionally, the F96A and F198A 

substitutions could compromise the potential stabilization of carbocation intermediates by 

cation-π interactions. Some of the sesquiterpenes generated by these aromatic mutants 

have previously been observed as side products generated by both wild-type and mutant 

EIZS enzymes (Lin, 2009), while three sesquiterpene products have not previously been 

observed with this cyclase. 

 

(E)-β-Farnesene, the major product (70%) formed by F96A EIZS, results from 

deprotonation at C-31 of the allylic cation that results from the initial ionization of FPP; 

other reaction products include sesquisabinene-A, Z-γ-bisabolene, and an unidentified 

hydrocarbon presumed to be a sesquiterpene based on mass spectrometry, with m/z = 

204. F198A EIZS generates sesquisabinene-A, (E)-β-farnesene, zizaene, β-acoradiene, Z-

α-bisabolene, sesquiphellandrene, Z-γ-bisabolene and 3 unidentified sesquiterpenes. 

Interestingly, F198A EIZS generates no epi-isozizaene. The predominant product of 

W203F EIZS is Z-γ-bisabolene, generated by the abstraction of a proton from the 

intermediate bisabolyl cation (Figure 7.6). epi-Isozizaene accounts for 14% of the 

products of the W203F mutant; the remaining products include sesquisabinene, (E)-β-

farnesene, zizaene, and 4 unidentified sesquiterpenes. It is notable that epi-isozizaene 

biosynthetic activity is preserved, if only partially so, in the EIZS mutant with the most 
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conservative aromatic-aromatic substitution, which presumably preserves more of the 

general contour and electrostatic profile of the active site. 

 

7.4 Crystal Structures of Mutant EIZS 

 7.4.1 F198A EIZS-Mg2+
3-PPi-BTAC complex 

In order to investigate structural changes in the active site resulting from 

mutagenesis of aromatic residues, the X-ray crystal structure of F198A EIZS was 

determined at 1.64 Å resolution. This mutant was selected for X-ray crystallographic 

study because it retains some catalytic activity (Table 7.3) and exhibits a remarkably 

altered product array (Table 7.4). Overall, the F198A mutation results in minimal 

structural perturbations, and the r.m.s. deviation between the structure of wild-type EIZS 

and F198A EIZS is 0.10 Å for 340 Cα atoms. In the active site, the largest structural 

changes resulting from the F198A substitution are a ~30o rotation of the side chain of F95 

and an alternative rotamer of M73. The binding mode of Mg2+
3-PPi is identical to that 

observed in the wild-type enzyme; however, the BTAC molecule occupies an alternative 

position such that its benzyl ring makes quadrupole-quadrupole interactions with the 

aromatic rings of F95, F96, W203, and W325 (Figure 7.8). Surprisingly, 4 solvent 

molecules are observed in the active site, forming a hydrogen bonding network with 

N233 and the backbone carbonyl of A236. Comparison of the contours of WT and 

F198A EIZS helps to explain the production of side products such as β-acoradiene by 

F198A EIZS, due to the higher complementary in shape to bisabolene-derived cyclization 

products (Figure 7.7). 
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 Figure 7.7. (a) A stereoview of the active site surface contour encapsulated by the 

closed conformation of EIZS is shown as magenta meshwork. The aspartate-rich motif 

(red) and the NSE motif (orange) are oriented as in Figure 1. (b) The cyclization product, 

epi-isozizaene, is modeled into the enclosed active site contour of EIZS (magenta 

meshwork), and the location of the Mg2+
3-PPi cluster is shown as a visual reference. (c) 

The enclosed active site contour of F198A EIZS (light brown meshwork) into which the 

new cyclization product β-acoradiene is modeled. The remolded active site contour in 

this mutant prevents epi-isozizaene formation but permits the formation of new or 

alternative sesquiterpene products predominantly derived from the bisabolyl carbocation 

intermediate.  
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Figure 7.8. Stereoview of the active site of F198A EIZS-Mg2+
3-PPi-BTAC 

complex. Simulated annealing omit maps (black) of the PPi anion, Mg2+ ions, and BTAC 

in the active site of F198A EIZS, contoured at 5σ. Note the alternative position of BTAC 

resulting from the F198A mutation. 
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7.4.2 L72V, A236G and V329A EIZS-Mg2+
3-PPi-BTAC complexes 

Crystal structures of the L72V, A236G and V329A EIZS- Mg2+
3-PPi-BTAC 

complexes were determined at 2.10 Å, 1.76 Å, and 1.95 Å respectively. These mutants 

were chosen for crystallography because they expressed well and, once purified, were 

stable and well behaved in solution. Notably, each of these three mutations replaced a 

larger residue with a smaller residue, resulting in slight changes to the active site cavity 

contour without altering the polarity of the cavity. All three mutants crystallized under 

the same conditions as the WT enzyme, including the addition of pyrophosphate and 

BTAC, resulting in the respective mutant EIZS-Mg2+
3-PPi-BTAC complexes. Overall, 

each single mutation caused minimal structural perturbations; the rmsd between the 

structure of WT EIZS and the L72V, A236G and V329A mutants is 0.13 Å, 0.096 Å, and 

0.125 Å respectively for 340 Cα atoms. The binding mode of the trinuclear Mg2+ cluster 

and pyrophosphate was unchanged in the three mutants, and furthermore the position and 

orientation of BTAC was also unchanged, except for the L72V mutant in which BTAC 

moved ~0.5 Å deeper into the active site and rotated by ~20o (Figure 7.9). Minimal 

changes in the active site are confirmed by active site volume calculations using the 

program VOIDOO (Kleywegt, 1994). After removing BTAC’s coordinates from the 

active site, the calculated volume of the WT cavity is 62.22 Å3, compared with 62.71 Å3 

for L72V, 62.86 Å3 for A236G and 61.71 Å3 for V329A. To determine whether these 

seemingly trivial volume changes result in altered products arrays, future experiments 

include GC-MS analysis of the products of these mutants. 
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 Figure 7.9. Stereoview of an overlay of the active sites of WT (green), L72V 

(cyan), A236G (blue) and V329L (purple) EIZS-Mg2+
3-PPi-BTAC complexes. 
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7.5 Discussion 

Mutagenesis of aromatic residues that contribute directly to the active site contour 

significantly compromises the fidelity of epi-isozizaene biosynthesis (Figure 7.6), with 

the F198A substitution completely suppressing epi-isozizaene formation and redirecting 

the cyclization cascade toward the generation of alternative acyclic, monocyclic, and 

bicyclic sesquiterpenes. Thus, remolding the active site contour by mutagenesis opens up 

new cyclization trajectories while closing off old ones. 

 

The appearance of low levels of new or alternative cyclization products resulting 

from mutagenesis of the active site contour in a terpenoid cyclase may reflect past or 

future evolutionary potential, i.e., catalytic promiscuity in enzyme function may provide 

a "toehold of evolution" (Petsko, 1993). The evolution of biosynthetic diversity in this 

family of enzymes is achieved by simply remolding the active site contour to promote 

one cyclization pathway while suppressing hundreds of others, and it is notable that this 

is readily achieved by only a handful of amino acid substitutions. The current work 

represents the first step in deciphering the relationship between the structure of the EIZS 

active site and its biosynthetic specificity as a product-like template for terpenoid 

cyclization reactions: the three-dimensional contour of the active site can be remolded to 

better fit another product and disfavor others, even to the point of excluding epi-

isozizaene formation. That the biosynthetic specificity of a terpenoid cyclase is so 

sensitive to and so readily manipulated by minimal mutagenesis in nature or in the 

laboratory will likely contribute to the growing structural and stereochemical diversity of 

the terpenome. 
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Chapter 8: Trinuclear Metal Clusters in Catalysis by Terpenoid Synthases 

 

8.1 Introduction 

Terpenoid synthases are ubiquitous enzymes that catalyze the formation of 

structurally and stereochemically diverse isoprenoid natural products. Many isoprenoid 

coupling enzymes and terpenoid cyclases from bacteria, fungi, protists, plants, and 

animals share the class I terpenoid synthase fold. This family of enzymes, which is 

responsible for such a diverse range of products, is of great interest medicinally since 

many terpenoid natural products exhibit anti-cancer, anti-malarial, and anti-microbial 

activities (Aharoni, 2005). Furthermore, in humans, the 15 carbon linear isoprenoid 

farnesyl diphosphate (FPP) is a precursor in the biosynthesis of steroids and is also 

utilized for posttranslational prenylation of Ras in GTPase signaling (Rondeau, 2006; 

Agrawal, 2009). Recently, human farnesyl diphosphate synthase (FPP synthase) has been 

identified as the target of nitrogen-containing bisphosphonate drugs used for the 

treatment of bone diseases such as osteoporosis, hypercalcemia, and metastatic bone 

disease (Ebetino, 2005; Licata, 2005). Moreover, protozoan FPP synthase homologues 

have recently been identified as targets for the treatment of parasitic infections, including 

Chagas disease and African sleeping sickness (Ferella, 2008).  

 

Despite generally low amino acid sequence identity class I terpenoid synthases, 

which adopt the FPP synthase α-helical fold, contain conserved metal binding motifs that 

coordinate to a trinuclear metal cluster. This cluster not only serves to bind and orient the 

flexible isoprenoid substrate in the precatalytic Michaelis complex, but it also triggers the 
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departure of the diphosphate leaving group to generate a carbocation that initiates 

catalysis. Review of the available crystal structures of class I terpenoid synthases 

complexed with trinuclear metal clusters and either isoprenoid diphosphates or inorganic 

pyrophosphate highlights the conserved structural aspects of the trinuclear metal cluster 

and the additional conserved hydrogen bond donors that are required for catalysis.  

 

 8.2 Isoprenoid Coupling Enzymes 

 8.2.1 Farnesyl diphosphate synthase 

 Farnesyl disphosphate synthase, the archetypical prenyltransferase, catalyzes the 

formation of farnesyl diphosphate (FPP), the linear isoprenoid precursor of sesquiterpene 

natural products. Chain elongation to form FPP proceeds in two distinct steps (Figure 

4.1): first, isopentenyl disphosphate (IPP) and dimethylallyl diphosphate (DMAPP) are 

coupled to form geranyl diphosphate (GPP), and then a second molecule of IPP is 

coupled to GPP to form FPP.  The first crystal structure of FPP synthase was that of the 

avian enzyme (Tarshis, 1994), which revealed a novel α-helical fold. The structure 

revealed two conserved aspartate-rich (DDXXD) sequences (Ashby, 1990) on helices D 

and H, which flank the mouth of the active site cavity. Additionally, a single Sm3+ ion, 

used for heavy metal derivatization for MIR phasing, was bound by each DDXXD motif.   

 

A decade later, the crystal structure of E. coli FPP synthase was the first to reveal 

the binding of a trinuclear magnesium cluster in the active site of an isoprenoid coupling 

enzyme (Hosfield, 2004), similar to the trinuclear magnesium clusters previously 

observed in fungal and plant terpenoid cyclases (Rynkiewicz, 2001; Whittington, 2002). 
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The structure of E. coli FPP synthase was solved as the enzyme-substrate ternary 

complex with the noncleavable DMAPP analogue, dimethylallyl S-thiolodiphosphate 

(DMSPP), and a molecule of IPP. Applying the Mg2+
A, Mg2+

B, and Mg2+
C nomenclature 

first established for the trinuclear magnesium cluster of trichodiene synthase 

(Rynkiewicz, 2001), the crystal structure of the E. coli FPP synthase-Mg2+
3-DMSPP-IPP 

complex reveals octahedral coordination of all three metal ions (Figure 8.1 (a)): Mg2+
A is 

coordinated by D105 and D111 of the first aspartate-rich motif on helix D, two 

diphosphate oxygen atoms, and two water molecules; Mg2+
C is coordinated by the side 

chains of D105, and D111, as well as one diphosphate oxygen and three water molecules; 

and Mg2+
B is coordinated by D244 of the second aspartate-rich motif, two diphosphate 

oxygen atoms, and three water molecules. The diphosphate group of DMSPP also accepts 

hydrogen bonds from R116, K202, and K258.  

 

More recently, the structure of the human FPP synthase-Mg2+
3-zoledronate-IPP 

complex (Rondeau, 2006) reveals complete conservation of Mg2+
3-diphosphate 

recognition between E. coli and human FPP synthases (Figure 8.1 (b)). In human FPP 

synthase, two DDXXD motifs coordinate to the Mg2+
3 cluster: the first aspartate of the 

D103DXXD107 (hereafter boldface residues indicate Mg2+ coordinating residues) motif 

coordinates to Mg2+
A and Mg2+

C with syn,syn-bidentate geometry, and one oxygen atom 

of D107 bridges Mg2+
A and Mg2+

C with syn,anti-coordination stereochemistry; the first 

aspartate of the second D243DXXD motif coordinates to Mg2+
B. The diphosphate moiety 

additionally accepts hydrogen bonds from R112, K200, and K257. Interestingly, the 

closed active site conformation is also stabilized by newly formed hydrogen bonds 
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between K266 and D107 and D174. The r.m.s. deviation between the unliganded enzyme 

and the closed conformation of the Mg2+
3-zoledronate-IPP complex is 1.3 Å (341 Cα 

atoms). Analysis of X-ray crystal structures of several human FPP synthase-Mg2+
3-

bisphosphonate complexes suggests a two-step mechanism for substrate binding 

(Rondeau, 2006). First, the binding of DMAPP and 3 Mg2+ ions brings together the two 

DDXXD motifs, and loops D-E and H-I come together to form a hydrogen bond between 

T111 and the backbone of I258. These structural changes close the entrance to the allylic 

binding site and complete the formation of the IPP binding site. Secondly, as IPP binds, 

and as the basic C-terminal tail of the enzyme becomes ordered and closes the IPP 

binding site, IPP and DMAPP are properly oriented for catalysis.  

 

The binding of a trinuclear magnesium cluster is similarly conserved in FPP 

synthases from parasitic organisms. The flagellated protozoan T. cruzi causes Chagas 

disease, primarily in Latin America (Tanowitz, 2009). Bisphosphonates have emerged as 

a potential treatment for Chagas disease by inhibiting T. cruzi FPP synthase (Garzoni, 

2004). The crystal structures of T. cruzi FPP synthase-Mg2+
3-inhibitor complexes 

(Gabelli, 2006) suggest conservation of the trinuclear magnesium cluster for substrate 

binding and catalysis. In the complex with risedronate (Figure 8.1 (c)), the first 

carboxylate of the D98DXXD102 motif on helix D coordinates to Mg2+
A and Mg2+

C with 

syn,syn-bidentate geometry, and one oxygen atom of D102 bridges Mg2+
A and Mg2+

C 

with syn,anti-coordination stereochemistry. The first carboxylate of the D250DXXD motif 

on helix H is the only residue that directly coordinates to Mg2+
B; however, D251 and 

D254 indirectly interact with Mg2+
B via bridging water molecules. Each Mg2+ ion is 
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coordinated with octahedral geometry, with non-protein coordination sites occupied by 

oxygen atoms of the inhibitor phosphonate groups and water molecules. Oxygen atoms of 

the two risedronate phosphonate groups accept hydrogen bonds from the side chains of 

R107, K207, and K264.  

 

Trypanosoma brucei is an African parasitic protist, and its FPP synthase is related 

to that of T. cruzi by 70 % amino acid sequence identity. The crystal structure of T. 

brucei FPP synthase complexed with 3 Mg2+
 ions and the bisphosphonate inhibitor BPH-

721 (Zhang, 2009) reveals conservation of the trinuclear magnesium cluster for substrate 

binding and catalysis (Figure 8.1 (d)). The first carboxylate of the D103DXXD107 motif on 

helix D coordinates to Mg2+
A and Mg2+

C with syn,syn-bidentate geometry, and one 

oxygen atom of D107 bridges Mg2+
A and Mg2+

C with syn,anti-coordination 

stereochemistry. The first aspartate in the D255DXXD motif on helix H is the only residue 

that directly coordinates to Mg2+
B; however, D256 and D259 indirectly interact with 

Mg2+
B via bridging water molecules. Oxygen atoms of the two phosphonate groups of the 

inhibitor BPH-721 also accept hydrogen bonds from the side chains of R112, K212, and 

K269 (Mao, 2006). 
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Figure 8.1. Conservation of Mg2+
3-PPi and -diphosphate binding motifs among 

isoprenoid coupling enzymes. Metal coordination (black) and hydrogen bond (red) 

interactions with phosphate(s) are indicated. (a) E. coli FPP synthase-Mg2+
3-DMSPP-IPP 

complex (PDB code 2EGW); (b) human FPP synthase-Mg2+
3-zoledronate complex (PDB 

code 2F8Z); (c) T. cruzi FPP synthase-Mg2+
3-risedronate complex (PDB code 1YHL); (d) 

T. brucei FPP synthase-Mg2+
3-BPH-721 complex (PDB code 3DYH); (e) S. cerevisae 

GGPP synthase-Mg2+
2-BPH-252 complex (PDB code 2Z4X); (f) C. parvum nonspecific 

prenyl synthase-Mg2+
3-zoledronate complex (PDB code 2Q58). 
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  8.2.2 Geranylgeranyl diphosphate synthase 

 Geranylgeranyl disphosphate synthase (GGPP synthase) catalyses the 

condensation of IPP and FPP to form GGPP (Figure 4.1). Recently, GGPP synthase has 

emerged as a pharmaceutical target for the treatment of cancer since geranylgeranylation 

is involved in Rac, Rap and Rho signaling pathways (Russell, 2006). The crystal 

structures of GGPP synthases from Thermus thermophilus (Nishio, 2004), Sinapis alba 

(Kloer, 2006), and Saccharomyces cerevisiae (Chang, 2006) have been determined in 

addition to that of human GGPP synthase (Kavanagh, 2006). However, a crystal structure 

containing a complete trinuclear magnesium cluster has only been observed in the active 

site of monomer B of the S. cerevisiae GGPP synthase-Mg2+
3-BPH-252 complex (Figure 

8.1 (e)) (Chen, 2008). The first aspartate of the D80DIED84 motif coordinates to Mg2+
A 

and Mg2+
C with syn,syn-bidentate geometry, and one oxygen atom of D84 bridges Mg2+

A 

and Mg2+
C with syn,anti-coordination stereochemistry; the first aspartate of the second 

D214DYLN motif coordinates to Mg2+
B. Each Mg2+ ion is coordinated with octahedral 

geometry, with non-protein coordination sites occupied by oxygen atoms of the inhibitor 

phosphonate groups and water molecules. Oxygen atoms of the two phosphonate groups 

of the inhibitor BPH-252 also accept hydrogen bonds from R89, K174 and K238. 

  

 8.2.3 Nonspecific prenyl synthase 

 Recently, the crystal structure of a nonspecific prenyl synthase from 

Cryptosporidium parvum has been determined (Artz, 2008). C. parvum causes livestock 

infections and is classified as a bioterrorism threat by the Centers for Disease Control and 

Prevention (Hashsham, 2004). The enzyme has a unique ability to catalyze chain 
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elongation reactions with isoprenoid substrates of various lengths to generate C20-C45 

linear isoprenoids products. The crystal structure of the enzyme reveals conservation of 

the classic α-helical terpenoid synthase fold, and its complex with the inhibitor 

risedronate reveals that a complete trinuclear magnesium cluster is coordinated by 

DDXXD and NDXXD motifs (Figure 8.1 (f)) (Artz, 2008). The first carboxylate of the 

D115DXXD119 motif on helix D is oriented for coordination to Mg2+
A and Mg2+

C with 

syn,syn-bidentate geometry; however, the distance between D115 and Mg2+
C is 3.14 Å, 

thus too long to be considered an inner-sphere metal coordination interaction. One 

oxygen atom of the third aspartate, D119, bridges Mg2+
A and Mg2+

C with syn,anti-

coordination stereochemistry. N254 of the N254DXXD motif on helix H coordinates to 

Mg2+
B, and D255 and D258 indirectly interact with Mg2+

B via bridging waters. The 

diphosphate moiety additionally accepts hydrogen bonds from K210 and G251, and the 

closed active site conformation is stabilized by hydrogen bonds between D116 of the 

DDXXD motif and R124, and D255 of the NDXXD motif and Q251. 

 

 8.3 Isoprenoid Cyclization Enzymes 

 8.3.1 Fungal cyclases 

 The sesquiterpene cyclase trichodiene synthase from Fusarium sporotrichioides 

catalyzes the first committed step in the biosynthesis of nearly 100 different trichothecene 

mycotoxins. Trichodiene synthase is one of the most thoroughly studied terpenoid 

cyclases, and enzymological and crystallographic studies have illuminated important 

features in the cyclization mechanism (recently reviewed in (Christianson, 2006)). Recent 

computational studies have also provided new insight on the catalytic mechanism (Hong, 
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2009). The structures of unliganded trichodiene synthase and the trichodiene synthase-

Mg2+
3-PPi complex were the first to reveal the binding of a trinuclear magnesium cluster 

in the active site of a terpenoid synthase (Figure 8.2 (a)) (Rynkiewicz, 2001). The first 

aspartate of the D100DXXD motif on helix D coordinates to Mg2+
A and Mg2+

C with 

syn,syn-bidentate geometry. The second metal binding motif N225DLMS229FYKE333 is 

located on helix H and coordinates to Mg2+
B. All three metal ions are additionally 

coordinated by PPi and solvent molecules to complete octahedral coordination polyhedra.    

 

Superposition of the unliganded and Mg2+
3-PPi complexed trichodiene synthase 

structures reveals conformational changes that cap the active site upon ligand binding. 

Overall, the r.m.s. deviation between the native and liganded structures is 1.4 Å for 349 

Cα atoms.  Interestingly, upon ligand binding, D101 in the aspartate-rich motif forms a 

salt bridge with R304, which donates a hydrogen bond to PPi. In addition to Mg2+ 

coordination interactions, the PPi anion also accepts hydrogen bonds from R182, K232, 

and Y305. The D101-R304-PPi hydrogen bond network appears to link substrate binding 

with the transition between the open and closed active site conformations. Assuming that 

the diphosphate group of FPP triggers the same structural changes as observed for PPi, 

the substrate is sequestered from bulk solvent and the complete trinuclear magnesium 

cluster triggers departure of the diphosphate leaving group to generate the carbocation 

that initiates the cyclization cascade. The seemingly conservative D100E mutation results 

in a 22-fold loss in catalytic activity (measured by kcat/KM) and structural studies indicate 

that the additional methylene group of E100 perturbs the Mg2+
3-PPi complex such that 

Mg2+
A binding is weakened, E233 breaks its coordination interaction with Mg2+

B, and 
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Mg2+
C is dissociated; additionally, hydrogen bond interactions between PPi and R182 and 

R304 are broken (Rynkiewicz, 2002; Vedula, 2005b).  

 

The role of the D101-R304 salt bridge in closing the trichodiene synthase active 

site has been explored in mutagenesis studies. The D101E mutation results in a moderate 

5-fold decrease in catalytic activity; however, there are no crystal structures of this 

mutant available for study (Cane, 1996). In contrast, the R304K mutant results in a 5000 

fold decrease in catalytic activity, and the crystal structure of R304K trichodiene synthase 

complexed with Mg2+
3-PPi-(R)-azabisabolene reveals the loss of the expected hydrogen 

bond between K304 and D101 (Vedula, 2005a). Although the PPi binding motif remains 

intact in the R304K mutant, it is evident that the R304-D101 hydrogen bond is critical for 

properly activating the substrate diphosphate group. In contrast, while Y305 donates a 

hydrogen bond to PPi in the wild-type enzyme complex with Mg2+
3-PPi, catalytic activity 

and PPi binding are not significantly affected in the Y305F mutant (Cane, 1995; Vedula, 

2005b).             

 

Another fungal cyclase that has been the subject of extensive structural and 

functional study is aristolochene synthase, which is a sesquiterpene cyclase that catalyzes 

the cyclization of FPP to form (+)-aristolochene. Structures of aristolochene synthases 

from Penicillium roqueforti (Caruthers, 2000) and Aspergillus terreus (Shishova, 2007) 

have been solved; these enzymes are related by 61 % amino acid sequence identity. 

Although there is no crystal structure of P. roqueforti aristolochene synthase complexed 

with Mg2+
3-PPi, the structure of the A. terreus aristolochene synthase Mg2+

3-PPi complex 
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(Shishova, 2007) (Figure 8.2 (b)) indicates conservation of the Mg2+
3-PPi binding motif 

first observed in trichodiene synthase (Rynkiewicz, 2001). 

 

The aspartate-rich motif of aristolochene synthase on helix D appears as 

D90DXXE. The carboxylate side chain of D90 coordinates to Mg2+
A and Mg2+

B with 

syn,syn-bidentate geometry, and is the only residue in the aspartate motif that coordinates 

to the Mg2+ ions. The carboxylate group of D91 makes a salt bridge with R304, and the 

final carboxylate in the motif is E119, which accepts a hydrogen bond from a water 

molecule coordinated to Mg2+
A. The second metal binding motif N219DIYS223YEKE227 is 

located on helix H and chelates Mg2+
B (Shishova, 2007), consistent with the structures of 

terpenoid cyclases from plants, bacteria, and fungi (Starks, 1997; Rynkiewicz, 2001; 

Whittington, 2002; Hyatt, 2007; Aaron, 2010). As found in the active sites of trichodiene 

synthase (Rynkiewicz, 2001) and epi-isozizaene synthase (Aaron, 2010), PPi binding in 

aristolochene synthase is similarly accommodated by hydrogen bonds donated from two 

arginines (R175 and F314), one lysine (K226), and one tyrosine (Y315) (Figure 8.2 (b)). 
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Figure 8.2. Conservation of Mg2+
3-PPi and -diphosphate binding motifs among 

terpenoid cyclases. Metal coordination (black) and hydrogen bond (red) interactions with 

phosphate(s) are indicated. (a) F. sporotrichioides trichodiene synthase-Mg2+
3-PPi 

complex (PDB code 1JFG); (b) A. terreus aristolochene synthase-Mg2+
3-PPi complex 

(PDB code 2OA6); (c) S. coelicolor epi-isozizaene synthase-Mg2+
3-PPi complex (PDB 

code 3KB9); (d) N. tabacum 5-epi-aristolochene synthase-Mg2+
3-farnesyl 

hydroxyphosphonate complex (PDB code 5EAT; note that many of the metal-phosphate 

interactions indicated are too long to be considered inner-sphere metal coordination 

interactions); (e) S. officinalis (+)-bornyl diphosphate synthase-Mg2+
3-PPi complex (PDB 

code 1N22; metal ions are labeled according to the convention first established for 

trichodiene synthase); (f) M. spicata limonene synthase-Mn2+
3-FLPP complex (PDB code 

2ONG; conserved hydrogen bonding is indicated between D353 and R315 despite poor 

geometry).  
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8.3.2 Bacterial cyclases  

 In recent years, prokaryotes have emerged as sources of diverse isoprenoids. 

Specifically, a large number of novel isoprenoids have been isolated from organisms 

belonging to the taxonomical order Actinomycetales (Daum, 2009). The crystal structures 

of two bacterial sesquiterpene cyclases have been solved, and both derive from 

Actinomycetales: pentalenene synthase from Streptomyces UC5319 (Lesburg, 1997) and 

epi-isozizaene synthase from Streptomyces coelicolor (Aaron, 2010). Pentalenene 

synthase catalyzes the cyclization of FPP to form the tricyclic sesquiterpene pentalenene 

in the first committed step in the biosynthesis of the pentalenolactone family of 

antibiotics (Seto, 1980). Although the structure of pentalenene synthase was the first to 

be reported of a terpenoid cyclase and demonstrated that the terpenoid cyclase shared the 

FPP synthase fold first observed for avian FPP synthase (Tarshis, 1994), no structure of 

this bacterial terpenoid cyclase complexed with metal ions is available.  

 

 However, the crystal structure of epi-isozizaene synthase complexed with Mg2+
3-

PPi-BTAC (BTAC is the benzyltriethylammonium cation, a crystallization additive) 

reveals that Mg2+
3-PPi binding motifs are conserved between fungal and bacterial 

terpenoid cyclases (Figure 8.2 (c)) (Aaron, 2010). The first aspartate of the aspartate-rich 

motif D99DRHD coordinates to Mg2+
A and Mg2+

C with syn,syn-bidentate geometry, and 

Mg2+
B is chelated by N240DLCS244LPKE248.  Each Mg2+ ion is coordinated with 

octahedral geometry and nonprotein coordination sites are occupied by oxygen atoms of 

PPi and water molecules. The PPi anion also accepts hydrogen bonds from the side chains 

of R194, K247, R338, and Y339 which correspond to R182, K232, R304 and Y305 of 
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trichodiene synthase (Rynkiewicz, 2001) and R175, K226, R314 and Y315 of 

aristolochene synthase (Shishova, 2007). Pentalenene synthase and epi-isozizaene 

synthase share 24 % amino acid sequence identity, and residues that interact with Mg2+ 

ions or PPi in epi-isozizaene synthase are conserved in pentalenene synthase. 

Superposition of the liganded closed structure of epi-isozizaene synthase with unliganded 

pentalenene synthase reveals a very similar alignment of the metal binding motifs, with 

pentalenene synthase helices D and H 1.5 Å further apart than in epi-isozizaene synthase. 

Accordingly, upon substrate or PPi binding the active site of pentalenene synthase 

presumably undergoes a conformational change to a closed conformation comparable to 

that observed for the epi-isozizaene synthase Mg2+
3-PPi-BTAC complex. 

 

Although the second aspartate of the epi-isozizaene synthase aspartate-rich motif, 

D100, does not directly interact with the Mg2+ ions or PPi, it does accept a hydrogen bond 

from R338, which also donates a hydrogen bond to PPi. Site-directed mutagenesis reveals 

that the D100N mutation causes a >95 % loss of activity with respect to the native 

enzyme (Lin, 2009), suggesting that the D100N mutation disrupts the D100-R338-PPi 

hydrogen bond network presumed to be important for substrate recognition. As 

previously discussed, the second aspartate in the aspartate-rich motifs of trichodiene 

synthase and aristolochene synthase similarly stabilizes a hydrogen bond network with 

R304 and PPi (Rynkiewicz, 2001; Shishova, 2007), so it appears that the bacterial and 

fungal cyclases share the same molecular strategy for linking the molecular recognition 

of the substrate diphosphate group with the active site closure mechanism (Aaron, 2010). 

The third aspartate in the aspartate rich motif of epi-isozizaene synthase, D103, points 
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away from the active site and makes no hydrogen bond interactions that are involved in 

substrate binding, as also observed in Mg2+
3-PPi complexes of trichodiene synthase. The 

absence of a structural or catalytic role for the terminal aspartate in the aspartate-rich 

motif of bacterial terpenoid cyclases is supported by mutagenesis of the corresponding 

residue in pentalenene synthase: the D84E mutation results in a mere 3-fold loss of 

catalytic activity (as measured by kcat/KM), whereas the D80E and D81E mutations yield 

3500- and 400-fold reductions in activity, respectively (Seemann, 2002). 

 

 8.3.3 Plant Cyclases 

 5-epi-Aristolochene synthase from Nicotiana tabacum catalyzes the cyclization of 

FPP to form 5-epi-aristolochene in the first committed step in the biosynthesis of the 

antifungal phytoalexin capsidiol (Starks, 1997). As the first crystal structure determined 

of a plant terpenoid cyclase and the second terpenoid cyclase structure to be reported, the 

structure of 5-epi-aristolochene synthase reveals the presence of 2 domains (Starks, 

1997): a catalytically active C-terminal domain that adopts the α-helical class I terpenoid 

synthase fold, and an N-terminal domain of unknown function that exhibits an α-helical 

fold similar to that of a class II terpenoid synthase (Wendt, 1998). Two metal-binding 

motifs are identified: an aspartate-rich motif D301DXXD305, and a D444DTAT448YEVE452 

motif. While the binding of a trinuclear magnesium cluster was identified in the 5-epi-

aristolochene synthase farnesyl hydroxyphosphonate complex (Figure 8.2 (d)), analysis 

of the structure reveals that many of the coordination interactions with Mg2+ ions range 

2.2 Å – 3.7 Å, longer than expected for ideal Mg2+ coordination (Zheng, 2008). This 

could suggest that the structure is that of a partially closed conformation. Nonetheless, 
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D301 and D305 of the aspartate-rich motif coordinate to Mg2+
A and Mg2+

C, while the 

“DTE” motif chelates Mg2+
B.     

 

Interestingly, metal binding motifs are shared between sesquiterpene cyclases and 

monoterpene cyclases from plants. The monoterpene cyclase (+)-bornyl diphosphate 

synthase catalyzes the cyclization of geranyl diphosphate (GPP) to form (+)-bornyl 

diphosphate. This cyclization is unusual in that the substrate diphosphate group is 

reincorporated into the product. The structure of (+)-bornyl diphosphate synthase from 

Salvia officinalis was the first of a monoterpene cyclase (Whittington, 2002), and remains 

the only monoterpene cyclase for which structures have been solved in unliganded and 

liganded states. The crystal structure of (+)-bornyl diphosphate synthase reveals the two-

domain α-helical architecture first observed for the plant sesquiterpene synthase 5-epi-

aristolochene synthase: a catalytically active C-terminal domain adopting the class I 

terpenoid synthase fold, and an N-terminal domain adopting the class II terpenoid 

synthase fold (however, the N-terminal polypeptide caps the active site of the C-terminal 

domain in ligand complexes) (Whittington, 2002). The (+)-bornyl diphosphate synthase-

Mg2+
3-PPi complex reveals that conserved metal-binding motifs and the PPi anion (or the 

diphosphate group of the product itself, (+)-bornyl diphosphate) coordinate to 3 Mg2+ 

ions (Figure 8.2 (e)). The first carboxylate of the D351DXXD355 motif coordinates to 

Mg2+
A and Mg2+

C with syn,syn-bidentate geometry, and D355 bridges Mg2+
A and Mg2+

C 

with syn,anti-coordination stereochemistry. Interestingly, unlike metal binding in the 

active sites of bacterial and fungal cyclases, both the first and third aspartates in the 

DDXXD motif of plant terpenoid cyclases coordinate to the catalytic metal ions.  The 
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second metal binding motif, D496DKGT500SYFE504, chelates Mg2+
B (Whittington, 2002). 

In addition to metal ion coordination interactions, the PPi anion accepts hydrogen bonds 

from R314, R493, and K512. Comparison of the structures of unliganded and Mg2+
3-PPi 

complexed (+)-bornyl diphosphate synthase reveals several Mg2+
3-PPi induced 

conformational changes; however, the r.m.s. deviation of 306 Cα atoms in the catalytic 

C-terminal domain is only 0.6 Å (Whittington, 2002), significantly lower than observed 

for ligand-induced conformational changes in trichodiene synthase (1.4 Å) (Rynkiewicz, 

2001) and aristolochene synthase (1.8 Å) (Shishova, 2007).    

 

The recent structure determination of another plant monoterpene cyclase, 

limonene synthase from Mentha spicata (Hyatt, 2007), similarly reveals conservation of a 

trinuclear metal cluster in a cyclization reaction that generates 94% (–)-(4S)-limonene, 

and ~2% myrcene, (-)-α-pinene, and (-)-β-pinene (Williams, 1998). Limonene synthase 

shares the 2-domain α-helical fold common to plant terpenoid cyclases. Limonene 

synthase displays similar activity with Mg2+ or Mn2+ (a common feature of some 

terpenoid cyclases), and the structure of the enzyme has been determined in complex with 

3 Mn2+ ions and the intermediate analogue 2-fluorolinalyl diphosphate (FLPP) (Figure 

8.2 (f)) (Hyatt, 2007). Metal coordination interactions are similar to those observed in 

(+)-bornyl diphosphate synthase (Whittington, 2002). In limonene synthase, the first 

carboxylate of the D352DXXD356 motif coordinates to Mn2+
A and Mn2+

C with syn,syn-

bidentate geometry, and one oxygen atom of D356 bridges Mn2+
A and Mn2+

C with 

syn,anti-coordination stereochemistry. Two out of three residues in the second metal 

binding motif, D496DLGT500SVEE504, chelate Mg2+
B; the position of the side chain of 
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E504 is not indicated and is presumably disordered. Additionally, the γ-hydroxyl of T500 

is 3.2 Å away from Mg2+
B, which is too long to be considered an inner sphere 

coordination interaction. The diphosphate group of the bound intermediate analogue 

FLPP accepts hydrogen bonds from R315, R493, and K512 (Hyatt, 2007).   

 

Finally, the sesquiterpene cyclase (+)-δ-cadinene synthase from Gossypium 

arboreum (tree cotton) catalyzes the first committed step in the biosynthesis of the 

triterpene phytoalexin gossypol, a major defense metabolite synthesized by cotton plants 

(Chen, 1995). The recently determined structure of the unliganded enzyme and its 

complex with 2-fluorofarnesyl diphosphate (2F-FPP) reveals that minimal structural 

deviations result from ligand binding (the r.m.s. deviations are 0.28 Å and 0.50 Å 

between unliganded and liganded monomers A (514 Cα atoms) and B (494 Cα atoms), 

respectively) (Gennadios, 2009). In contrast with the plant terpenoid cyclases previously 

discussed (Starks, 1997; Whittington, 2002; Hyatt, 2007), (+)-δ-cadinene synthase 

contains a second aspartate-rich motif in place of the DTE motif on helix H. As 

previously discussed, this motif on helix H is common to chain elongation enzymes such 

as farnesyl diphosphate synthase, and (+)-δ-cadinene synthase is unique among known 

class I terpenoid cyclases in that it contains two aspartate-rich motifs for metal 

coordination. The structure of the liganded enzyme reveals a putative Mg2+
3 cluster 

(weak electron density characterizes the three Mg2+ ions); Mg2+
A and Mg2+

C are 

coordinated by D307 and D311 of the first D307DXXD311 motif, and Mg2+
B is coordinated 

by D451 and E455 of the second aspartate-rich motif, D451DVAE455 (Figure 8.3). 

However, many of the carboxylate-Mg2+ distances observed are too long for inner sphere 
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metal coordination interactions; therefore, the structure may reflect an incomplete 

transition between the “open” and “closed” active site conformations. The diphosphate 

moiety of 2F-FPP accepts one hydrogen bond from a nearby basic residue, R448. 
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Figure 8.3. The diphosphate binding site of (+)-δ-cadinene synthase from G. 

arboreum  (PDB code 3G4F) with a putative Mg2+
3 cluster and 2F-FPP bound. Metal 

ions are labeled according to convention established for trichodiene synthase. Some 

metal-phosphate interactions are too long to be considered inner-sphere metal 

coordination interactions, which could be a consequence of the nonproductive binding 

mode observed for 2F-FPP. 
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8.4 Discussion 

Although the metal-dependence of catalysis by class I terpenoid synthases has 

been known for decades (Robinson, 1970), it was not until 2001 that the crystal structure 

of a terpenoid cyclase-Mg2+
3-PPi complex (trichodiene synthase) revealed that a 

trinuclear metal cluster accommodates PPi binding; this trinuclear metal cluster is 

similarly implicated in binding and activating substrate farnesyl diphosphate for catalysis 

(Rynkiewicz, 2001). Since then, many X-ray crystal structures of isoprenoid coupling 

enzymes and terpenoid cyclases have been determined containing Mg2+
3 (or Mn2+

3) 

clusters. Comparisons of these structures reveal significant conservation in the 

constellation of metal ions and the residues that coordinate to these metal ions (Figures 

8.1 and 8.2) despite generally insignificant amino acid sequence identity among these 

enzymes. 

 

Trinuclear metal cluster coordination in FPP synthases is conserved among 

humans, bacteria and protozoans. Two aspartate-rich DDXXD binding motifs coordinate 

to 3 Mg2+ ions, which are also coordinated by the substrate diphosphate group. The first 

and last aspartate in the first DDXXD motif coordinate to Mg2+
A and Mg2+

C, and the first 

aspartate of the second DDXXD motif coordinates to Mg2+
B. Also conserved are one 

arginine and two lysine residues that donate hydrogen bonds to diphosphate oxygens; the 

conserved arginine residue also donates hydrogen bond(s) to the second aspartate in the 

first DDXXD motif (Figure 8.1 (a)-(d)). The crystal structures of other isoprenoid 

coupling enzymes, GGPP synthase and nonspecific prenyl synthase, similarly reveal 

conservation of Mg2+
3 binding motifs. Hydrogen bond interactions with PPi are also 
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conserved (Figure 8.1 (e)-(f)). 

 

It is notable that the constellation of three metal ions and hydrogen bond donors is 

also conserved, with minor variations, in terpenoid cyclases from plants, bacteria, and 

fungi  (Figure 8.2). First, Mg2+
A and Mg2+

C are coordinated by the first DDXXD motif: 

bacterial and fungal cyclases utilize only the first aspartate of this motif, whereas plant 

cyclases utilize the first and third aspartates of this motif (analogous to isoprenoid 

coupling enzymes). Second, the second aspartate-rich motif is usually replaced by an 

NDXXSXXX E motif in bacterial and fungal terpenoid cyclases and a DXXX TXXX E 

motif in plant terpenoid cyclases, in which boldface residues chelate Mg2+
B (although 

there can be some variations in this sequence, e.g., see (Zhou, 2009)). One exception, 

however, is (+)-δ-cadinene synthase, in which two aspartate-rich motifs coordinate to the 

trinuclear metal cluster. Third, residues that donate hydrogen bonds to PPi are conserved 

in terpenoid cyclases across different domains of life. Specifically, two arginines donate 

hydrogen bonds to diphosphate oxygens: one appears to replace a conserved lysine 

serving this function in the isoprenoid coupling enzymes, and the other also donates a 

hydrogen bond to the second aspartate of the first DDXXD motif (as observed in the 

isoprenoid coupling enzymes). In bacterial and fungal terpenoid cyclases, conserved 

lysine and tyrosine residues additionally donate hydrogen bonds to PPi. 

 

In all cases in which a complete Mg2+
3-PPi cluster is bound, two 6-membered ring 

chelates are formed with Mg2+
A and Mg2+

B (Figure 8.4). The conformations of these 6-

membered rings can vary, e.g., sofa, half-chair, etc. Such 6-membered ring chelates are 
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occasionally observed in metal-diphosphate binding interactions, e.g., in the binding of 

the substrate analogue imidodiphosphate to inorganic pyrophosphatase (Fabrichniy, 

2007).  

 

In summary, conservation of a trinuclear metal cluster is critical for catalysis by 

class I terpenoid synthases. This cluster not only serves to bind and orient the flexible 

isoprenoid substrate in the precatalytic Michaelis complex, but it also triggers leaving 

group departure and initial carbocation formation. Conserved hydrogen bond donors in 

the terpenoid synthase active site assist the metal cluster in this function. That the 

trinuclear metal cluster is conserved for catalysis by terpenoid synthases from many 

domains of life suggests a common ancestry for this family of enzymes in the evolution 

of terpenoid biosynthesis.  
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Figure 8.4. Stereoview of the Mg2+
3-PPi cluster from epi-isozizaene synthase. Dashed 

lines (black) represent metal-coordination interactions. The PPi anion forms 6-membered 

ring chelates with Mg2+
A and Mg2+

B, both of which adopt distorted sofa conformations.      
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Chapter 9: Future Directions 

 

 Terpenoid cyclases initiate and chaperone cyclization reactions to generate a 

multitude of structurally complex terpenoid products with precise regio- and stereo- 

specificity. The striking diversity of the terpenome is a direct result of the plasticity of the 

terpenoid synthases (Segura, 2003). It has been shown that the active site of a terpenoid 

synthase is predominantly lined with inert amino acids, which play a minimal role in the 

chemistry of catalysis beyond serving as a template and chaperone for the reaction 

(Christianson, 2008). The plasticity of the terpenoid cyclase active site has been studied 

in many systems (Greenhagen, 2006; Yoshikuni, 2006; Aaron, 2010).  

 

A study of the sesquiterpene cyclase γ-humulene synthase provides an excellent 

example of the engineering potential of terpenoid cyclases. Abies grandis γ-humulene 

synthase, a promiscuous sesquiterpene cyclase, produces a mixture of 52 different 

terpenoid products. In the absence of a crystal structure of γ-humulene synthase, a 

homology model based on the known 5-epi-arisolochene synthase structure was used to 

identify “plasticity” residues in the γ-humulene synthase active site. The altered product 

profiles of a library of single-site mutants of the “plasticity” residues were determined 

and used to develop an algorithm to rationally design mutants using a combination of 

single-site mutations, based on the hypothesis that each plasticity residue is independent, 

meaning that the effect of a single mutation on the reaction mechanism is the same for the 

WT or any mutant form of the enzyme. Using their rational design algorithm, two to five 
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mutations were combined to create mutant enzymes with up to 13 times greater relative 

yields of the preferentially desired sesquiterpene product (Yoshikuni, 2006). 

 

 In this work, epi-isozizaene synthase (EIZS) has been identified as an excellent 

model system for studying the structure-function relationships of sesquiterpene cyclases. 

EIZS is a stable, monomeric enzyme that readily forms crystals which diffract to ~1.6 Å 

resolution, and accommodates single amino acids mutations to active site residues, 

facilitating its potential use as a template for the rational design of novel terpenoid 

cyclases. Proposed experiments to continue this work include completing a GC-MS 

analysis of the products of the aliphatic active site mutants (L72V, A236G, and V329A) 

discussed in Chapter 7, to determine whether these small modifications to the contour of 

the active site result in perturbed product ratios. In addition, determining the kinetic 

activity, product-arrays by GC-MS, and crystal structures of several additional EIZS 

active site mutants, namely F95A, F332A, H333A, and W325F, would provide a 

thorough understanding of which residues directly affect the chaperoned cyclization 

cascade. Furthermore, crystal structures of the active site mutants provide an accurate 

picture of the enzymatic template, which can be used for modeling and quantum chemical 

calculations. To test the hypothesis that the product of a terpenoid cyclase can be 

predicted by how well the contour of the active site complements the shape of the 

product, modeling software, such as AutoDock (Morris, 2009), will be tested to 

determine a matching score for the respective enzymatic products of each EIZS mutant. 

These scores will be used to predict and test EIZS double and triple mutants, and to 

facilitate engineering new terpenoid cyclization templates.  
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It is important to remember that protein crystal structures provide a static picture 

of a dynamic system. Therefore, the orientation of the residues that form the active site 

cyclization template may occupy alternative conformations when the enzyme binds FPP 

in the closed conformation, with respect to the observed positions of the side chains in the 

Mg2+
3-PPi-BTAC complexes determined. Additional proposed crystallography 

experiments include determining crystal structures of WT and mutant EIZS with 

substrate, or intermediate, analogues in order to observe the position of a partially folded 

substrate in the active site. A crystal structure containing a partially folded intermediate 

would offer insight into the role of the active site aromatic residues in stabilizing the 

cationic intermediates via cation-π interactions.   

 

The ultimate goal of the structure-function studies of the terpenoid cyclases is to 

increase our understanding of these enzymes to the point where it is possible to 

systematically alter the function of a terpene cyclase using a rational design strategy. The 

potential terpenoid rational design has also recently led to the launch of Allylix, a start-up 

company aiming to exploit the versatility and plasticity of these enzymes to cost 

effectively produces useful commercial quantities of useful and novel terpenoids (Allylix, 

2010). Exploiting the specificity and efficiency of these enzymes may have profound 

effects on the large-scale production of terpenoid products useful in the food, cosmetics 

and pharmaceutical industries.  
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