


Molecular replacement calculations were performétd RHASER (Storoni, 2004) using
the atomic coordinates of native EIZS (less ligasad solvent atoms) as a search probe.
The electron density clearly revealed the V329Aatianh. Iterative cycles of refinement
and manual model building were achieved with PHERR COOT, respectively. lons,
PR, BTAC, and water molecules were included in latgiles of refinement. Individual
atomic B-factors were utilized. Data collection arfinement statistics for the V329A

EIZS-M92+3-PR-BTAC complex are listed in Table 7.2.
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Table 7.2. EIZS active site mutant data collection and refiratrstatistics.

F198A L72V A236G V329A
EIZS Structure: Mg**s-PR- | Mg®'s-PR- | Mg**s-PR- | Mg?*s-PP-
BTAC BTAC BTAC BTAC
complex complex complex complex
Data
Wavelength, A 1.075 0.9795 0.9795 0.9795
Resolution, A 50-1.64, 50-21p 50-1.76 8095
Unique reflections 45,831 22,011 37, 050 26,83
Completeness*, % 99.8 (100) 99.9(99(2) 99.22P8 97.3 (97.4)
Redundancy* 3.6 (3.5) 3.6 (3.5 3.3(3.1) 4.7)3
Reym* ' 0.062 0.104 0.071 0.116
(0.238) (0.301) (0.339) (0.432)
Refinement
Rerys{ Riree 0.156/0.190 0.156/0.206 0.159/0.203 0.152/0.201
r.m.s.d. bonds, A 0.015 0.007 0.009 0.007
r.m.s.d. angle$, 1.6 1.050 1.167 1.014
r.m.s.d. dihedral angles, 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

f Rsym = >y - <1p>|/21h, where 4> is the average intensity over symmetry equivalent
refections.

*Reryst = 2| [Fobd - Feaid|/Z|Fobd, Where summation is over the data used for nefare.
Riree Was calculated as for.R: by using 5% of the data that was excluded from
refinement.
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7.2.3 Radioactive substrate kinetic assay of EhEants

EIZS mutants were assayed as previously descrlbed2006) in 50 mM
piperazine-N,N -bis(2-ethanesulfonic acid) (PIPES) (pH 6.5), 2@%eerol, 100 mM
NaCl, 10 mM MgC}, and 5 mM BME. Each series of assays was perfo2rgtimes
using concentrations of fH]FPP (100 mCi/mmol) ranging from 0.025 to 5. The
optimal enzyme concentration for each mutant wasraened where the dependence of
product formation on enzyme concentration was liaea less than 10% of the substrate
was turned over: wild-type (1 nM), FO96A (20 nM)19BA (20 nM), W203F (20 nM),
L72V (2.5 nM), A236G (2.5 nM), and V329L (2.5 nM}.1-mL reaction mixture in a
test-tube was overlaid with 1 mL hexane immedia&élgr addition of substrate, covered
with aluminum foil, and incubated for 15 min at 0. The reaction was quenched by
addition of 75uL of 500 mM EDTA (pH 8.0) and vortexed for 20 s.eThexane extract
was passed through a silica gel column directly anscintillation vial containing 5 mL
of scintillation fluid. The aqueous phase was eterd with an additional 2 x 1 mL
hexane and passed through the same silica gel ookimally, the column was washed
with an additional 1 mL hexane. A Beckman scintiila counter was used to measure
product formation, and the substrate concentrat@yaus rate of product formation data
was fit by nonlinear regression using the prograrsn®to determind.,; based on the
known total enzyme concentration. For the L72V, 8@3and V329A EIZS mutants, the
method was adapted to a 0.5 mL reaction volumedgrhrowever the volume of hexane

used for the extraction was not changed.
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7.2.4 GC-MS Analysis of Product Arrays Generate& A5 Mutants.

The substrate, farnesyl diphosphate (&0, was incubated with 40M mutant
EIZS (F96A, F198A or W203F) in 6 mL buffer (50 mNFES, 15 mM MgGJ, 100 mM
NacCl, 20% glycerol, 5 mM BME) and overlaid with 3.HIPLC-graden-pentane in a
glass test tube at 3C for 18 h. Reaction products were extracted wigfentane 3
times, dried with anhydrous MgQCand concentrated on an ice-water mixture under
reduced pressure until the volume was reduced@qulLOThe products were analyzed
using an Agilent 6890 GC/JEOL JMS-600H mass spewter, using a 30 m x 0.25 mm
HP5MS capillary column (Department of ChemistrypBn University) in El (positive)
mode mode using a temperature program of 60228With a gradient of 20C/min
and a solvent delay of 3.5 min. Analysis of theamig extracts resulting from the
incubation of FPP with the mutant cyclases by GC+eMeals the formation of mixtures
of sesquiterpene hydrocarbons witliz= 204. Compounds were identified by
comparison of their individual mass spectra an@metatographic retention indices with

those of authentic compounds in the MassFindeDat@base (Harangi, 2003).

7.3 Results

7.3.1 Radioactive Substrate Kinetic Assay

The steady-state kinetic parameté&ig,andk.s;, of the WT and mutant enzymes
were measured by a radioactive substrileFPP) assay. Scintillation counting was used
to monitor the amount of tritium labeled organiogucts generated by the enzyme
during a fixed time. For WT and mutant EIZS, a mbinitial velocity versus substrate

concentration (Figures 7.1 and 7.2) was used terahite the steady-state kinetic
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parameters using non-linear regression. The regulinetic parameters, summarized in
Table 7.3, indicate that the mutations only mogestiectKy, with respect to WT EIZS.
This result is expected since the residues reqdeecognition of the substrate
diphosphate (R194, K247, R338, and Y339) are rfettdd by the mutations. However,
the rate of the reaction is affected by some ohtla¢ations. Specifically, the three
aromatic mutants (F98A, F198A, and W203F), caudeamatic decrease ka4 of two
orders of magnitude, resulting in overall catalgificiencies k../Kv) decreased 205- to
275-fold. The aliphatic mutations (L72V, A236G, avi829A), however, do not result in
decreased reaction rates, and thus retain theysatefficiency of the WT protein. It is
important to note however that this assay simplasuaees tritium-labeled products
extracted in hexanes, therefore the total prodiettl pf the WT or mutant EIZS contains
a mixture of sesquiterpene products. Furthermbeeacttivity of the enzymes may be
underestimated, since hydroxylated products mayeaxtracted with this procedure.
This is particularly important in the case of tmematic mutants, which may be able to
accommodate solvent molecules in their active ¢Bestion 7.4.1), which may increase

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

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

W203F EIZS.
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Table 7.3. Steady-state kinetic parameters for wild-type E&OE site-specific

mutants.

Protein Keat Kwm keal K
(s (nM) (M7s?)
WT 0.045 + 710+ | 6.3+0.1
0.003 100 x 10°
FO6A | 0.00024 | 770+ 310 +
0.00002 130 60
F198A | 0.000304 1200 + 250 +
0.00002 200 45
W203F | 0.00034 4 1450 + 250 +
0.00003 200 45
L72V 0.044 + 600+ | 7.3+15
0.003 120 x 10°
A236G | 0.066+ | 450+ | 1.5%0.2
0.002 50 x 10°
V329A | 0.126 * 470+ | 2.7+05
0.007 80 x 10°
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7.3.2 GC-MS Analysis

The sesquiterpene products of the FO8A, F198A VEBA3F mutants were
separated and identified by gas chromatography-s@pssrometry (GC-MS) as GC
peaks with corresponding MS parent ions havingeh204 (GsH»4) in the MS. The gas
chromatograms of the products of the three arommatitants, shown in Figure 7.3,
illustrate very unique product arrays for each mutd@he identity of each peak was
confirmed by comparison of the observed mass spéam the MassFinder 3.0 database
(Figure 7.4). Several products could not be ideadtifrom the available MS data, and are
recorded as unknown sesquiterpene products (Fi§b)yeResults are summarized in

Table 7.4.

As expected, the product array is severely altare¢dde aromatic site-specific

EIZS mutants. However, the formation of each seequene product identified can be
reasoned to be a result of derailing the propod&8& Eyclization pathway (Figure 7.6).
Notably, none of the three active site aromaticants generateptrisozizaene as a major
product; indeed, neprisozizaene whatsoever is generated by the F198anmtjand the
active site contour of this variant as observethécrystal structure of the F198A EIZS-
Mg?*s-PR-BTAC complex is more complementary in shape taliidene-derived
cyclization products such @isacoradiene, as illustrated in Figure 7.7. Notaply,
acoradiene is not generated by wild-type EIZS hgoaippearance of this spiroterpenoid

represents a new catalytic activity introduced lsyngle amino acid substitution.
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Figure 7.3. Gas chromatographs of hexane extracts of reactionutant EIZS
with FPP. Unidentified products are labeleddag, and identified products are labeled
as follows: Sesquisabir{g), B-farnesend?2), epilsozizaend3), Zizaeng4), -
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EIZS. (b) F198A EIZS. (c) W203F EIZS.
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Figure 7.4 (Following pages). Mass spectraf identified sesquiterpene products
of FO6A, F198A, and W203F EIZS. For each produetdkperimental MS is shown on
the left and the reference MS from the MassFind@idatabase is shown on the right. (a)
Sesquisabine. (Ifj-farnesene. (d}-acoradiene. (d) Zizaene. (e)Zbisabolene. (f)

Sesquiphellandrene. (g)#bisabolene.
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Table7.4. Distribution of sesquiterpene products from wiifge EIZS and site
specific mutants. Relative product percentages wai@ilated from the relative peak
areas of the sesquiterpene products. The relatogupt proportions are based on the
assumptions that the relative areas of the peatkeigas chromatogram represent the
relative proportion of each sesquiterpene anaiytd,the concentration of each

sesquiterpene analyte is within the linear rangelébection by the instrument.

Protein Relative product percentage (%)
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Figure 7.6. Proposed cyclization cascade for observed proaddé¢T and
mutant EIZS. Biosynthetic versatility of EIZS caa mmanipulated by site-directed
mutagenesis, as illustrated for sesquiterpene pteddentified for wild-type (WT) and
mutant cyclases. In general, more diverse sesgetterproduct arrays result from the
substitution of aromatic residues defining theecsite contour (red labels) than from
substitution of residues that coordinate the’Mans required for catalysis (blue labels
(Lin, 2009)). For example, F198A EIZS does not gateeptisozizaene at all, but
instead generates a mixture of sesquisabiner®eA,andZ-y-bisabolenes,
sesquiphellandrene, afidacoradiene as its major cyclization products. Rding the
active site contour permits the generation of alitve products as long as they can be
accommodated within the remolded template, astifited for3-acoradiene in Figure

7.7,
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Altering the active site contour of EIZS alters ttmmformations and cyclization
trajectories of FPP and reactive carbocation inéeliates, and the formation of
alternative products appears to depend on howangdirticular alternative product fits
the remolded active site contour in a mutant cyclaslditionally, the FO6A and F198A
substitutions could compromise the potential sizdtilon of carbocation intermediates by
cationst interactions. Some of the sesquiterpenes genebgtdtese aromatic mutants
have previously been observed as side productsajedeby both wild-type and mutant
EIZS enzymes (Lin, 2009), while three sesquiterg@oeucts have not previously been

observed with this cyclase.

(E)-p-Farnesene, the major product (70%) formed by FBE&ZS, results from
deprotonation at C23f the allylic cation that results from the initianization of FPP;
other reaction products include sesquisabineng-Abisabolene, and an unidentified
hydrocarbon presumed to be a sesquiterpene basaedsmspectrometry, with m/z =
204. F198A EIZS generates sesquisabinend=Ap{farnesene, zizaeng;acoradieneZ-
a-bisabolene, sesquiphellandreZey-bisabolene and 3 unidentified sesquiterpenes.
Interestingly, F198A EIZS generates eya-isozizaene. The predominant product of
W203F EIZS isZ-y-bisabolene, generated by the abstraction of aproom the
intermediate bisabolyl cation (Figure 7.6pilsozizaene accounts for 14% of the
products of the W203F mutant; the remaining prosluatiude sesquisabinen&){j-
farnesene, zizaene, and 4 unidentified sesquitegdnis notable thaprisozizaene

biosynthetic activity is preserved, if only paya$o, in the EIZS mutant with the most
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conservative aromatic-aromatic substitution, wipoksumably preserves more of the

general contour and electrostatic profile of thivacsite.

7.4 Crystal Structures of Mutant EIZS

7.4.1 F198A EIZS-Ms-PP,-BTAC complex

In order to investigate structural changes in ttte/a site resulting from
mutagenesis of aromatic residues, the X-ray crgstatture of F198A EIZS was
determined at 1.64 A resolution. This mutant wascsed for X-ray crystallographic
study because it retains some catalytic activighb{& 7.3) and exhibits a remarkably
altered product array (Table 7.4). Overall, theFA @nutation results in minimal
structural perturbations, and the r.m.s. deviatietween the structure of wild-type EIZS
and F198A EIZS is 0.10 A for 340cCatoms. In the active site, the largest structural
changes resulting from the F198A substitution ar8® rotation of the side chain of F95
and an alternative rotamer of M73. The binding mofielg®s-PR is identical to that
observed in the wild-type enzyme; however, the BTiA@ecule occupies an alternative
position such that its benzyl ring makes quadrwgoiadrupole interactions with the
aromatic rings of F95, F96, W203, and W325 (FiguB). Surprisingly, 4 solvent
molecules are observed in the active site, formaitgdrogen bonding network with
N233 and the backbone carbonyl of A236. Comparifdahe contours of WT and
F198A EIZS helps to explain the production of gideducts such g%acoradiene by
F198A EIZS, due to the higher complementary in shapisabolene-derived cyclization

products (Figure 7.7).
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Figure7.7. (a) A stereoview of the active site surface conemcapsulated by the
closed conformation of EIZS is shown as magentehmesk. The aspartate-rich motif
(red) and the NSE motif (orange) are oriented ddgare 1. (b) The cyclization product,
eptrisozizaene, is modeled into the enclosed actieecsintour of EIZS (magenta
meshwork), and the location of the fgPR cluster is shown as a visual reference. (c)
The enclosed active site contour of F198A EIZShfligrown meshwork) into which the
new cyclization produdt-acoradiene is modeled. The remolded active sitéocw in
this mutant preventspiisozizaene formation but permits the formatiomeiv or
alternative sesquiterpene products predominantiyei®from the bisabolyl carbocation

intermediate.
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Figure 7.8. Stereoview of the active site of F198A EI1ZS-fgPR-BTAC
complex Simulated annealing omit maps (black) of the &fon, Mg" ions, and BTAC
in the active site of F198A EIZS, contoured at Blote the alternative position of BTAC

resulting from the F198A mutation.
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7.4.2 L72V, A236G and V329A EIZS4gPP-BTAC complexes

Crystal structures of the L72V, A236G and V329A SiM¢ 5-PR-BTAC
complexes were determined at 2.10 A, 1.76 A, a8 A respectively. These mutants
were chosen for crystallography because they egpdesell and, once purified, were
stable and well behaved in solution. Notably, eafctnese three mutations replaced a
larger residue with a smaller residue, resultinglight changes to the active site cavity
contour without altering the polarity of the cavi®jl three mutants crystallized under
the same conditions as the WT enzyme, includingtitktion of pyrophosphate and
BTAC, resulting in the respective mutant EIZSfgPR-BTAC complexes. Overall,
each single mutation caused minimal structuralypeations; the rmsd between the
structure of WT EIZS and the L72V, A236G and V32@atants is 0.13 A, 0.096 A, and
0.125 A respectively for 340dCatoms. The binding mode of the trinuclear®figuster
and pyrophosphate was unchanged in the three rsutant furthermore the position and
orientation of BTAC was also unchanged, exceptherL72V mutant in which BTAC
moved ~0.5 A deeper into the active site and rothyed2® (Figure 7.9). Minimal
changes in the active site are confirmed by aditgevolume calculations using the
program VOIDOO (Kleywegt, 1994). After removing BTAs coordinates from the
active site, the calculated volume of the WT caistg2.22 &, compared with 62.71%R
for L72V, 62.86 Rfor A236G and 61.71 Afor V329A. To determine whether these
seemingly trivial volume changes result in altepeaducts arrays, future experiments

include GC-MS analysis of the products of theseamist
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Figure 7.9. Stereoview of an overlay of the active sites of Wileen), L72V

(cyan), A236G (blue) and V329L (purple) EIZS-fgPR-BTAC complexes.
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7.5 Discussion

Mutagenesis of aromatic residues that contributectly to the active site contour
significantly compromises the fidelity eprisozizaene biosynthesis (Figure 7.6), with
the F198A substitution completely suppresspgisozizaene formation and redirecting
the cyclization cascade toward the generationtefradtive acyclic, monocyclic, and
bicyclic sesquiterpenes. Thus, remolding the aciteecontour by mutagenesis opens up

new cyclization trajectories while closing off ajdes.

The appearance of low levels of new or alternatixdization products resulting
from mutagenesis of the active site contour inrpetigoid cyclase may reflect past or
future evolutionary potential, i.e., catalytic pnseuity in enzyme function may provide
a "toehold of evolution" (Petsko, 1993). The eviotof biosynthetic diversity in this
family of enzymes is achieved by simply remoldihg &ctive site contour to promote
one cyclization pathway while suppressing hundogdghers, and it is notable that this
is readily achieved by only a handful of amino asudbstitutions. The current work
represents the first step in deciphering the @bathip between the structure of the EIZS
active site and its biosynthetic specificity aseduct-like template for terpenoid
cyclization reactions: the three-dimensional contafithe active site can be remolded to
better fit another product and disfavor othersneeethe point of excludingpk
isozizaene formation. That the biosynthetic speityfiof a terpenoid cyclase is so
sensitive to and so readily manipulated by minimatagenesis in nature or in the
laboratory will likely contribute to the growingrattural and stereochemical diversity of
the terpenome.
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Chapter 8: Trinuclear Metal Clustersin Catalysis by Terpenoid Synthases

8.1 Introduction

Terpenoid synthases are ubiquitous enzymes thalyzatthe formation of
structurally and stereochemically diverse isoprématural products. Many isoprenoid
coupling enzymes and terpenoid cyclases from hacfengi, protists, plants, and
animals share the class | terpenoid synthase Tolg. family of enzymes, which is
responsible for such a diverse range of produgtsf great interest medicinally since
many terpenoid natural products exhibit anti-capaeti-malarial, and anti-microbial
activities (Aharoni, 2005). Furthermore, in humahs, 15 carbon linear isoprenoid
farnesyl diphosphate (FPP) is a precursor in theyithesis of steroids and is also
utilized for posttranslational prenylation of RasGTPase signaling (Rondeau, 2006;
Agrawal, 2009). Recently, human farnesyl diphosplsghthase (FPP synthase) has been
identified as the target of nitrogen-containingphigsphonate drugs used for the
treatment of bone diseases such as osteoporopeidaycemia, and metastatic bone
disease (Ebetino, 2005; Licata, 2005). Moreovatgaoan FPP synthase homologues
have recently been identified as targets for teattnent of parasitic infections, including

Chagas disease and African sleeping sickness [&€e2608).

Despite generally low amino acid sequence ideutaygs | terpenoid synthases,
which adopt the FPP synthaséelical fold, contain conserved metal binding rfsothat
coordinate to a trinuclear metal cluster. This ©@usot only serves to bind and orient the

flexible isoprenoid substrate in the precatalytichdelis complex, but it also triggers the

131



departure of the diphosphate leaving group to geaex carbocation that initiates
catalysis. Review of the available crystal struesuof class | terpenoid synthases
complexed with trinuclear metal clusters and eitkeprenoid diphosphates or inorganic
pyrophosphate highlights the conserved structigpgets of the trinuclear metal cluster

and the additional conserved hydrogen bond dohaittsatre required for catalysis.

8.2 I soprenoid Coupling Enzymes

8.2.1 Farnesyl diphosphate synthase

Farnesyl disphosphate synthase, the archetypiealjtransferase, catalyzes the
formation of farnesyl diphosphate (FPP), the linsaprenoid precursor of sesquiterpene
natural products. Chain elongation to form FPP @eds in two distinct steps (Figure
4.1): first, isopentenyl disphosphate (IPP) andadimlallyl diphosphate (DMAPP) are
coupled to form geranyl diphosphate (GPP), and ¢heecond molecule of IPP is
coupled to GPP to form FPP. The first crystaldtite of FPP synthase was that of the
avian enzyme (Tarshis, 1994), which revealed alnpreelical fold. The structure
revealed two conserved aspartate-rich (DDXXD) saqeas (Ashby, 1990) on helices D
and H, which flank the mouth of the active siteigavAdditionally, a single SAi ion,

used for heavy metal derivatization for MIR phasiwgs bound by each DDXXD maotif.

A decade later, the crystal structurezofcoli FPP synthase was the first to reveal
the binding of a trinuclear magnesium cluster i dlative site of an isoprenoid coupling
enzyme (Hosfield, 2004), similar to the trinucleaagnesium clusters previously

observed in fungal and plant terpenoid cyclaseskieyvicz, 2001; Whittington, 2002).
132



The structure oE. coli FPP synthase was solved as the enzyme-subsimadeyte

complex with the noncleavable DMAPP analogue, diylatlyl S-thiolodiphosphate
(DMSPP), and a molecule of IPP. Applying the®ig Mg*'s, and Md*c nomenclature
first established for the trinuclear magnesiumtelusf trichodiene synthase
(Rynkiewicz, 2001), the crystal structure of fhecoli FPP synthase-M&-DMSPP-IPP
complex reveals octahedral coordination of all¢hmeetal ions (Figure 8.1 (a)): Kfg is
coordinated by D105 and D111 of the first aspastiate motif on helix D, two
diphosphate oxygen atoms, and two water molecMg8c is coordinated by the side
chains of D105, and D111, as well as one diphogptraggen and three water molecules;
and Md s is coordinated by D244 of the second aspartaterriotif, two diphosphate
oxygen atoms, and three water molecules. The dpstade group of DMSPP also accepts

hydrogen bonds from R116, K202, and K258.

More recently, the structure of the human FPP ssehV§*s-zoledronate-IPP
complex (Rondeau, 2006) reveals complete conservafiMd *s-diphosphate
recognition betweek. coliand human FPP synthases (Figure 8.1 (b)). In hukRé&h
synthase, two DDXXD motifs coordinate to the Nigcluster: the first aspartate of the
D'®DXX DY (hereafter boldface residues indicate’Mgpordinating residues) motif
coordinates to Mga and Md ¢ with syn,syrbidentate geometry, and one oxygen atom
of D107 bridges Mg and Md ‘¢ with syn,anticoordination stereochemistry; the first
aspartate of the secoBd*DXXD motif coordinates to M. The diphosphate moiety
additionally accepts hydrogen bonds from R112, K20@ K257. Interestingly, the
closed active site conformation is also stabilibgahewly formed hydrogen bonds
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between K266 and D107 and D174. The r.m.s. devidieiween the unliganded enzyme
and the closed conformation of the ¥gzoledronate-IPP complex is 1.3 A (34& C
atoms). Analysis of X-ray crystal structures ofesg human FPP synthase-fiig
bisphosphonate complexes suggests a two-step msehior substrate binding
(Rondeau, 2006). First, the binding of DMAPP ard@ " ions brings together the two
DDXXD motifs, and loops D-E and H-1 come togethefdrm a hydrogen bond between
T111 and the backbone of 1258. These structuraigémclose the entrance to the allylic
binding site and complete the formation of the Birling site. Secondly, as IPP binds,
and as the basic C-terminal tail of the enzyme tmasoordered and closes the IPP

binding site, IPP and DMAPP are properly orientadchatalysis.

The binding of a trinuclear magnesium cluster isilgirly conserved in FPP
synthases from parasitic organisms. The flagellptetbzoarrl. cruzicauses Chagas
disease, primarily in Latin America (Tanowitz, 200Bisphosphonates have emerged as
a potential treatment for Chagas disease by inhgit. cruziFPP synthase (Garzoni,
2004) The crystal structures @t cruziFPP synthase-Mgs-inhibitor complexes
(Gabelli, 2006) suggest conservation of the trieacimagnesium cluster for substrate
binding and catalysis. In the complex with risedten(Figure 8.1 (c)), the first
carboxylate of th®%®DXX D** motif on helix D coordinates to M§ and Md*c with
syn,syrbidentate geometry, and one oxygen atom of D1a&jbs MG*a and Md "¢
with syn,anticoordination stereochemistry. The first carbog/lat theD*’DXXD motif
on helix H is the only residue that directly cooates to M§'s; however, D251 and

D254 indirectly interact with Mg via bridging water molecules. Each fgpn is
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coordinated with octahedral geometry, with non-@irotoordination sites occupied by
oxygen atoms of the inhibitor phosphonate groughkveater molecules. Oxygen atoms of
the two risedronate phosphonate groups accept ggdroonds from the side chains of

R107, K207, and K264.

Trypanosoma bruces an African parasitic protist, and its FPP synthaselated
to that ofT. cruziby 70 % amino acid sequence identity. The crystatsire ofT.
brucei FPP synthase complexed with 3 ¥ipns and the bisphosphonate inhibitor BPH-
721 (Zhang, 2009) reveals conservation of the ¢fgar magnesium cluster for substrate
binding and catalysis (Figure 8.1 (d)). The fimttoxylate of thé®'®DXX D' motif on
helix D coordinates to Mda and Md ¢ with syn,syrbidentate geometry, and one
oxygen atom of D107 bridges Mg and Md ¢ with syn,anticoordination
stereochemistry. The first aspartate in Ef’DXXD motif on helix H is the only residue
that directly coordinates to M&; however, D256 and D259 indirectly interact with
Mg?'g via bridging water molecules. Oxygen atoms ofttiie phosphonate groups of the
inhibitor BPH-721 also accept hydrogen bonds framdide chains of R112, K212, and

K269 (Mao, 2006).
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Figure 8.1. Conservation of M@s-PR and -diphosphate binding motifs among
isoprenoid coupling enzymes. Metal coordinatiom¢k) and hydrogen bond (red)
interactions with phosphate(s) are indicatedE(ajoli FPP synthase-Mts-DMSPP-IPP
complex (PDB code 2ZEGW); (b) human FPP synthaséwledronate complex (PDB
code 2F8Z); (c). cruziFPP synthase-Ms-risedronate complex (PDB code 1YHL); (d)
T. bruceiFPP synthase-Mgs-BPH-721 complex (PDB code 3DYH); (8) cerevisae
GGPP synthase-Mt-BPH-252 complex (PDB code 2Z4X); (). parvumnonspecific

prenyl synthase-Mgs-zoledronate complex (PDB code 2Q58).
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8.2.2 Geranylgeranyl diphosphate synthase

Geranylgeranyl disphosphate synthase (GGPP syntbatsdyses the
condensation of IPP and FPP to form GGPP (Figure Recently, GGPP synthase has
emerged as a pharmaceutical target for the treatofi@ancer since geranylgeranylation
is involved in Rac, Rap and Rho signaling pathw@&ysssell, 2006). The crystal
structures of GGPP synthases frohermus thermophiludNishio, 2004) Sinapis alba
(Kloer, 2006), andsaccharomyces cerevisi@@hang, 2006) have been determined in
addition to that of human GGPP synthase (Kavan2@®6). However, a crystal structure
containing a complete trinuclear magnesium clusésronly been observed in the active
site of monomer B of th8. cerevisia&sGPP synthase-M&-BPH-252 complex (Figure
8.1 (e)) (Chen, 2008). The first aspartate of@A¥IED* motif coordinates to Mia
and Md "¢ with syn,syrbidentate geometry, and one oxygen atom of D8diges Mg "
and Md"c with syn,anticoordination stereochemistry; the first aspartétiae second
D#DYLN motif coordinates to Mgs. Each Mg" ion is coordinated with octahedral
geometry, with non-protein coordination sites o¢edy oxygen atoms of the inhibitor
phosphonate groups and water molecules. Oxygensatbthe two phosphonate groups

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

8.2.3 Nonspecific prenyl synthase

Recently, the crystal structure of a nonspecifengt synthase from
Cryptosporidium parvurhas been determined (Artz, 2008).parvumcauses livestock
infections and is classified as a bioterrorismdhigy the Centers for Disease Control and
Prevention (Hashsham, 2004). The enzyme has aeaiglity to catalyze chain

137



elongation reactions with isoprenoid substrategoious lengths to generatgg,s
linear isoprenoids products. The crystal structirhe enzyme reveals conservation of
the classiax-helical terpenoid synthase fold, and its complétk whe inhibitor
risedronate reveals that a complete trinuclear msigm cluster is coordinated by
DDXXD and NDXXD motifs (Figure 8.1 (f)) (Artz, 20Q8The first carboxylate of the
D™*DXX D™ motif on helix D is oriented for coordination togtix and Md*c with
syn,syrbidentate geometry; however, the distance betwders and M§'c is 3.14 A,
thus too long to be considered an inner-spherelro@etadination interaction. One
oxygen atom of the third aspartate, D119, bridgeé'Mand Md"*c with syn,anti
coordination stereochemistry. N254 of t&€*DXXD motif on helix H coordinates to
Mg*'s, and D255 and D258 indirectly interact with Mgvia bridging waters. The
diphosphate moiety additionally accepts hydrogemlsdrom K210 and G251, and the
closed active site conformation is stabilized bgdogen bonds between D116 of the

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

8.3 I soprenoid Cyclization Enzymes

8.3.1 Fungal cyclases

The sesquiterpene cyclase trichodiene synthaseRumarium sporotrichioides
catalyzes the first committed step in the biosysithef nearly 100 different trichothecene
mycotoxins. Trichodiene synthase is one of the rtiasbughly studied terpenoid
cyclases, and enzymological and crystallographidies have illuminated important
features in the cyclization mechanism (recentlyawed in (Christianson, 2006)). Recent

computational studies have also provided new insigtthe catalytic mechanism (Hong,
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2009). The structures of unliganded trichodiendl®se and the trichodiene synthase-
Mg**s-PR complex were the first to reveal the binding efiauclear magnesium cluster
in the active site of a terpenoid synthase (Figu2e(a)) (Rynkiewicz, 2001). The first
aspartate of thB'®DXXD motif on helix D coordinates to M and Md*c with
syn,syrbidentate geometry. The second metal binding M&TDLM SZ°FYKE®® is
located on helix H and coordinates to g All three metal ions are additionally

coordinated by PRnd solvent molecules to complete octahedral ¢oatidn polyhedra.

Superposition of the unliganded and ¥4gPR complexed trichodiene synthase
structures reveals conformational changes thatreapctive site upon ligand binding.
Overall, the r.m.s. deviation between the nativeé laganded structures is 1.4 A for 349
Ca atoms. Interestingly, upon ligand binding, D161hHe aspartate-rich motif forms a
salt bridge with R304, which donates a hydrogerdhtorPR. In addition to M§"
coordination interactions, the Pahion also accepts hydrogen bonds from R182, K232,
and Y305. The D101-R304-PRydrogen bond network appears to link substratdibg
with the transition between the open and closegeasite conformations. Assuming that
the diphosphate group of FPP triggers the sametstal changes as observed fof,PP
the substrate is sequestered from bulk solventt@domplete trinuclear magnesium
cluster triggers departure of the diphosphate fepgroup to generate the carbocation
that initiates the cyclization cascade. The seelyiognservative D100E mutation results
in a 22-fold loss in catalytic activity (measuredka./Ky) and structural studies indicate
that the additional methylene group of E100 peruhe Mg*s-PR complex such that

Mg**a binding is weakened, E233 breaks its coordinatiteraction with M§'s, and
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Mg?*cis dissociated; additionally, hydrogen bond intécars between RRnd R182 and

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

The role of the D101-R304 salt bridge in closing thichodiene synthase active
site has been explored in mutagenesis studiesDIB&E mutation results in a moderate
5-fold decrease in catalytic activity; however,rthare no crystal structures of this
mutant available for study (Cane, 1996). In confriie R304K mutant results in a 5000
fold decrease in catalytic activity, and the crlysteucture of R304K trichodiene synthase
complexed with M§'s-PR-(R)-azabisabolene reveals the loss of the expectebbgn
bond between K304 and D101 (Vedula, 2005a). Althaihg PPbinding motif remains
intact in the R304K mutant, it is evident that R@04-D101 hydrogen bond is critical for
properly activating the substrate diphosphate grbupontrast, while Y305 donates a
hydrogen bond to Rh the wild-type enzyme complex with Kig-PR, catalytic activity
and PPRbinding are not significantly affected in the Y30mutant (Cane, 1995; Vedula,

2005D).

Another fungal cyclase that has been the subjeexi@insive structural and
functional study is aristolochene synthase, which sesquiterpene cyclase that catalyzes
the cyclization of FPP to form (+)-aristolochen&uStures of aristolochene synthases
from Penicillium roqueforti{Caruthers, 200ndAspergillus terreugShishova, 2007)
have been solved; these enzymes are related by&@hife acid sequence identity.
Although there is no crystal structureRfroquefortiaristolochene synthasemplexed
with Mg?*s-PR, the structure of thA. terreusaristolochene synthase Kfg-PR complex
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(Shishova, 2007) (Figure 8.2 (b)) indicates coraion of the M§'s-PR binding motif

first observed in trichodiene synthase (RynkiewR01).

The aspartate-rich motif of aristolochene syntt@asbelix D appears as
D®DXXE. The carboxylate side chain of D90 coordinateMdg* s and Md s with
syn,syrbidentate geometry, and is the only residue ira8partate motif that coordinates
to the Md" ions. The carboxylate group of D91 makes a sadgerwith R304, and the
final carboxylate in the motif is E119, which actsep hydrogen bond from a water
molecule coordinated to M. The second metal binding mof*°DIY S2YEKE?' is
located on helix H and chelates fg(Shishova, 2007), consistent with the structufes o
terpenoid cyclases from plants, bacteria, and f(@tgrks, 1997; Rynkiewicz, 2001,
Whittington, 2002; Hyatt, 2007; Aaron, 2010). Asifil in the active sites of trichodiene
synthase (Rynkiewicz, 2001) ap@risozizaene synthase (Aaron, 2010), BiRding in
aristolochene synthase is similarly accommodatehyllyogen bonds donated from two

arginines (R175 and F314), one lysine (K226), ameltgrosine (Y315) (Figure 8.2 (b)).
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Figure 8.2. Conservation of M{js-PR and -diphosphate binding motifs among
terpenoid cyclases. Metal coordination (black) pdrogen bond (red) interactions with
phosphate(s) are indicated. Ra)sporotrichioidedrichodiene synthase-Mg-PPR
complex (PDB code 1JFG); (B) terreusaristolochene synthase-Kfg-PR complex
(PDB code 20A6); (cB. coelicolorepiisozizaene synthase-¥g-PR complex (PDB
code 3KB9); (dN. tabacunb-epiaristolochene synthase-Kigfarnesyl
hydroxyphosphonate complex (PDB code SEAT; notertreny of the metal-phosphate
interactions indicated are too long to be consdi@maer-sphere metal coordination
interactions); (eB. officinalis(+)-bornyl diphosphate synthase-fl{gPR complex (PDB
code 1N22; metal ions are labeled according tetm¥ention first established for
trichodiene synthase); (F). spicatalimonene synthase-Mfs-FLPP complex (PDB code
20NG; conserved hydrogen bonding is indicated betmiz353 and R315 despite poor

geometry).
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8.3.2 Bacterial cyclases

In recent years, prokaryotes have emerged asesofdiverse isoprenoids.
Specifically, a large number of novel isoprenoidsdénbeen isolated from organisms
belonging to the taxonomical ord&ctinomycetalegDaum, 2009). The crystal structures
of two bacterial sesquiterpene cyclases have baeads and both derive from
Actinomycetalespentalenene synthase fr@treptomyceslC5319 (Lesburg, 199@nd
eprisozizaene synthase froBtreptomyces coelicol¢Aaron, 2010)Pentalenene
synthase catalyzes the cyclization of FPP to fdrentticyclic sesquiterpene pentalenene
in the first committed step in the biosynthesish&f pentalenolactone family of
antibiotics (Seto, 1980). Although the structurgentalenene synthase was the first to
be reported of a terpenoid cyclase and demonstth#tdhe terpenoid cyclase shared the
FPP synthase fold first observed for avian FPPh&g® (Tarshis, 1994), no structure of

this bacterial terpenoid cyclase complexed withahiens is available.

However, the crystal structure epiisozizaene synthase complexed with’4g
PR-BTAC (BTAC is the benzyltriethylammonium cationgiystallization additive)
reveals that M@ s-PR binding motifs are conserved between fungal aruilial
terpenoid cyclases (Figure 8.2 (c)) (Aaron, 20T0g first aspartate of the aspartate-rich
motif D®DRHD coordinates to Mga and Md*c with syn,syrbidentate geometry, and
Mg®'gis chelated bN**DLCS*LPKE?®. Each M§" ion is coordinated with
octahedral geometry and nonprotein coordinati@ssate occupied by oxygen atoms of
PR and water molecules. The Rfion also accepts hydrogen bonds from the sidmgh
of R194, K247, R338, and Y339 which correspond 18 R K232, R304 and Y305 of
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trichodiene synthase (Rynkiewicz, 2001) and R17526< R314 and Y315 of
aristolochene synthase (Shishova, 2007). Pentadeserthase anebrisozizaene
synthase share 24 % amino acid sequence idemifyresidues that interact with Kig
ions or PRin eptisozizaene synthase are conserved in pentaleyattease.
Superposition of the liganded closed structureprisozizaene synthase with unliganded
pentalenene synthase reveals a very similar alighofehe metal binding motifs, with
pentalenene synthase helices D and H 1.5 A fugpart than irepiisozizaene synthase.
Accordingly, upon substrate or A#nding the active site of pentalenene synthase
presumably undergoes a conformational change lmsad conformation comparable to

that observed for thepiisozizaene synthase Kfg-PR-BTAC complex.

Although the second aspartate of épeisozizaene synthase aspartate-rich motif,
D100, does not directly interact with the #Mdpns or PR it does accept a hydrogen bond
from R338, which also donates a hydrogen bond to$#e-directed mutagenesis reveals
that the D100ON mutation causes a >95 % loss ofictiith respect to the native
enzyme (Lin, 2009), suggesting that the D100ON nmtadisrupts the D100-R338-PP
hydrogen bond network presumed to be importansdbistrate recognition. As
previously discussed, the second aspartate insihari@te-rich motifs of trichodiene
synthase and aristolochene synthase similarlylst@ebia hydrogen bond network with
R304 and PRRynkiewicz, 2001; Shishova, 2007), so it appdaas the bacterial and
fungal cyclases share the same molecular stratedinking the molecular recognition
of the substrate diphosphate group with the aditeeclosure mechanism (Aaron, 2010).
The third aspartate in the aspartate rich motépHisozizaene synthase, D103, points
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away from the active site and makes no hydrogemul literactions that are involved in
substrate binding, as also observed irf 4R complexes of trichodiene synthase. The
absence of a structural or catalytic role for #reninal aspartate in the aspartate-rich
motif of bacterial terpenoid cyclases is suppoliganutagenesis of the corresponding
residue in pentalenene synthase: the D84E muteggrits in a mere 3-fold loss of
catalytic activity (as measured ky/Kw), whereas the D80E and D81E mutations yield

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

8.3.3 Plant Cyclases

5-eptAristolochene synthase froficotiana tabacuntatalyzes the cyclization of
FPP to form Septaristolochene in the first committed step in thesipnthesis of the
antifungal phytoalexin capsidiol (Starks, 1997).tAs first crystal structure determined
of a plant terpenoid cyclase and the second tergeyalase structure to be reported, the
structure of Septaristolochene synthase reveals the presence amnaids (Starks,
1997): a catalytically active C-terminal domainttadopts thex-helical class I terpenoid
synthase fold, and an N-terminal domain of unkndwrction that exhibits an-helical
fold similar to that of a class Il terpenoid syraegWendt, 1998). Two metal-binding
motifs are identified: an aspartate-rich m@if’DXX D*®, and aD**DTAT*®YEVE**
motif. While the binding of a trinuclear magnesighaster was identified in the &pk
aristolochene synthase farnesyl hydroxyphospharatelex (Figure 8.2 (d)), analysis
of the structure reveals that many of the coorébnanteractions with Mg ions range
2.2 A-3.7 A, longer than expected for idealMgoordination (Zheng, 2008). This

could suggest that the structure is that of a alrtclosed conformation. Nonetheless,
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D301 and D305 of the aspartate-rich motif coordirtatMd " and Md ¢, while the

“DTE” motif chelates M§'s.

Interestingly, metal binding motifs are shared lestwsesquiterpene cyclases and
monoterpene cyclases from plants. The monoterpgriase (+)-bornyl diphosphate
synthase catalyzes the cyclization of geranyl dsphate (GPP) to form (+)-bornyl
diphosphate. This cyclization is unusual in that$hbstrate diphosphate group is
reincorporated into the product. The structuretpffornyl diphosphate synthase from
Salvia officinaliswas the first of a monoterpene cyclase (Whitting002), and remains
the only monoterpene cyclase for which structusasetbeen solved in unliganded and
liganded states. The crystal structure of (+)-bbdighosphate synthase reveals the two-
domaina-helical architecture first observed for the pla@esquiterpene synthasepr
aristolochene synthase: a catalytically active i@teal domain adopting the class |
terpenoid synthase fold, and an N-terminal domdop#éing the class Il terpenoid
synthase fold (however, the N-terminal polypeptidps the active site of the C-terminal
domain in ligand complexes) (Whittington, 2002) eT(k)-bornyl diphosphate synthase-
Mg**s-PR complex reveals that conserved metal-binding matifd the PRanion (or the
diphosphate group of the product itself, (+)-bordiglhosphate) coordinate to 3 fig
ions (Figure 8.2 (e)). The first carboxylate of B&'DXX D** motif coordinates to
Mg**a and Md*c with syn,syrbidentate geometry, and D355 bridges?fgnd Md*c
with syn,anticoordination stereochemistry. Interestingly, ualiketal binding in the
active sites of bacterial and fungal cyclases, tioeHfirstandthird aspartates in the

DDXXD motif of plant terpenoid cyclases coordin&tehe catalytic metal ions. The
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second metal binding moti)*DKGT*®SYFE™, chelates Mz (Whittington, 2002).
In addition to metal ion coordination interactiotitsge PRanion accepts hydrogen bonds
from R314, R493, and K512. Comparison of the stmest of unliganded and Mg-PR
complexed (+)-bornyl diphosphate synthase revesisral Mg*s-PR induced
conformational changes; however, the r.m.s. denadf 306 @ atoms in the catalytic
C-terminal domain is only 0.6 A (Whittington, 2008)gnificantly lower than observed
for ligand-induced conformational changes in tridieme synthase (1.4 A) (Rynkiewicz,

2001) and aristolochene synthase (1.8 A) (Shist20a7).

The recent structure determination of another plaoroterpene cyclase,
limonene synthase froivientha spicatgHyatt, 2007)similarly reveals conservation of a
trinuclear metal cluster in a cyclization reacttbat generates 94% (—)S4limonene,
and ~2% myrcene, (g-pinene, and (-B-pinene (Williams, 1998). Limonene synthase
shares the 2-domainhelical fold common to plant terpenoid cyclasesanene
synthase displays similar activity with Kfgor Mr?* (a common feature of some
terpenoid cyclases), and the structure of the eezyas been determined in complex with
3 Mn?* ions and the intermediate analogue 2-fluorolinelghosphate (FLPP) (Figure
8.2 (f)) (Hyatt, 2007). Metal coordination interacts are similar to those observed in
(+)-bornyl diphosphate synthase (Whittington, 2002)imonene synthase, the first
carboxylate of th®>*?DXX D** motif coordinates to Miix and Mrf*c with syn,syn
bidentate geometry, and one oxygen atom of D35fybs Mi*a and Mrf*cwith
syn,anticoordination stereochemistry. Two out of threedess in the second metal

binding motif, D**DLGT*®SVEE® chelate M§'g; the position of the side chain of
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E504 is not indicated and is presumably disordeiéditionally, they-hydroxyl of T500
is 3.2 A away from Mg, which is too long to be considered an inner spher
coordination interaction. The diphosphate groughefbound intermediate analogue

FLPP accepts hydrogen bonds from R315, R493, aid@ K8yatt, 2007).

Finally, the sesquiterpene cyclase {+¢adinene synthase fro@ossypium
arboreum(tree cotton) catalyzes the first committed stefhabiosynthesis of the
triterpene phytoalexin gossypol, a major defenstabwdite synthesized by cotton plants
(Chen, 1995). The recently determined structurth@iunliganded enzyme and its
complex with 2-fluorofarnesyl diphosphate (2F-FiRR)eals that minimal structural
deviations result from ligand binding (the r.m.eviktions are 0.28 A and 0.50 A
between unliganded and liganded monomers A (544tGms) and B (494 dCatoms),
respectively) (Gennadios, 2009). In contrast whih plant terpenoid cyclases previously
discussed (Starks, 1997; Whittington, 2002; HyQ07), (+)8-cadinene synthase
contains a second aspartate-rich motif in pladh®@DTE motif on helix H. As
previously discussed, this motif on helix H is coommo chain elongation enzymes such
as farnesyl diphosphate synthase, andb{exdinene synthase is uniqgue among known
class | terpenoid cyclases in that it contains aspartate-rich motifs for metal
coordinationThe structure of the liganded enzyme reveals dipat®g’’; cluster
(weak electron density characterizes the thre& lbgs); Md*a and Md ¢ are
coordinated by D307 and D311 of the fitssf’'DXX D** motif, and Mg'; is coordinated
by D451 and E455 of the second aspartate-rich nistitDVAE*® (Figure 8.3).

However, many of the carboxylate-Rglistances observed are too long for inner sphere
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metal coordination interactions; therefore, thadtire may reflect an incomplete
transition between the “open” and “closed” actiite sonformations. The diphosphate

moiety of 2F-FPP accepts one hydrogen bond fromealy basic residue, R448.
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Figure 8.3. The diphosphate binding site of (89eadinene synthase froG
arboreum (PDB code 3G4F) with a putative Kfg cluster and 2F-FPP bound. Metal
ions are labeled according to convention estaldisbetrichodiene synthase. Some
metal-phosphate interactions are too long to bsidened inner-sphere metal
coordination interactions, which could be a congege of the nonproductive binding

mode observed for 2F-FPP.
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8.4 Discussion

Although the metal-dependence of catalysis by diésgpenoid synthases has
been known for decades (Robinson, 1970), it wasintit 2001 that the crystal structure
of a terpenoid cyclase-M&-PP complex (trichodiene synthase) revealed that a
trinuclear metal cluster accommodates BiRding; this trinuclear metal cluster is
similarly implicated in binding and activating stitage farnesyl diphosphate for catalysis
(Rynkiewicz, 2001). Since then, many X-ray crystalictures of isoprenoid coupling
enzymes and terpenoid cyclases have been deterconégining M3*s (or M)
clusters. Comparisons of these structures revgaifigiant conservation in the
constellation of metal ions and the residues tbatdinate to these metal ions (Figures
8.1 and 8.2) despite generally insignificant aman@ sequence identity among these

enzymes.

Trinuclear metal cluster coordination in FPP sya#isais conserved among
humans, bacteria and protozoans. Two aspartatddicXiXD binding motifs coordinate
to 3 Mdf* ions, which are also coordinated by the substtgieosphate group. The first
and last aspartate in the first DDXXD motif cooratie to M§*a and Md¢, and the first
aspartate of the second DDXXD motif coordinateMs ‘s. Also conserved are one
arginine and two lysine residues that donate hyeindgonds to diphosphate oxygens; the
conserved arginine residue also donates hydrogea($pto the second aspartate in the
first DDXXD motif (Figure 8.1 (a)-(d)). The crystatructures of other isoprenoid
coupling enzymes, GGPP synthase and nonspecifylpggnthase, similarly reveal
conservation of M@ binding motifs. Hydrogen bond interactions with Bfe also
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conserved (Figure 8.1 (e)-(f)).

It is notable that the constellation of three me&iak and hydrogen bond donors is
also conserved, with minor variations, in terpermjidiases from plants, bacteria, and
fungi (Figure 8.2). First, Miga and Md'c are coordinated by the first DDXXD motif:
bacterial and fungal cyclases utilize only thetfaspartate of this motif, whereas plant
cyclases utilize the first and third aspartatethsf motif (analogous to isoprenoid
coupling enzymes). Second, the second aspartdtenatif is usually replaced by an
NDXX SXXX E motif in bacterial and fungal terpenoid cyclased aDXXX TXXXE
motif in plant terpenoid cyclases, in which boldfaesidues chelate Mg (although
there can be some variations in this sequence,seg(Zhou, 2009)). One exception,
however, is (+)3-cadinene synthase, in which two aspartate-richfsnobordinate to the
trinuclear metal cluster. Third, residues that derreydrogen bonds to P&e conserved
in terpenoid cyclases across different domaingaf $pecifically, two arginines donate
hydrogen bonds to diphosphate oxygens: one apfieegplace a conserved lysine
serving this function in the isoprenoid couplinggmes, and the other also donates a
hydrogen bond to the second aspartate of thedibetXD motif (as observed in the
isoprenoid coupling enzymes). In bacterial and &ingrpenoid cyclases, conserved

lysine and tyrosine residues additionally donatérbgen bonds to PP

In all cases in which a complete KigPR cluster is bound, two 6-membered ring
chelates are formed with Mg and Md s (Figure 8.4). The conformations of these 6-

membered rings can vary, e.g., sofa, half-chast, ®ich 6-membered ring chelates are
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occasionally observed in metal-diphosphate binditgyractions, e.g., in the binding of
the substrate analogue imidodiphosphate to inocgayrophosphatase (Fabrichniy,

2007).

In summary, conservation of a trinuclear metal teluss critical for catalysis by
class | terpenoid synthases. This cluster not selyes to bind and orient the flexible
isoprenoid substrate in the precatalytic Michaebsnplex, but it also triggers leaving
group departure and initial carbocation formati@onserved hydrogen bond donors in
the terpenoid synthase active site assist the nudtigter in this function. That the
trinuclear metal cluster is conserved for catalysysterpenoid synthases from many
domains of life suggests a common ancestry forfemsly of enzymes in the evolution

of terpenoid biosynthesis.
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Figure 8.4. Stereoview of the Mijs-PR cluster fromepiisozizaene synthase. Dashed
lines (black) represent metal-coordination intécaxs. The PPanion forms 6-membered

ring chelates with Mtfa and Md g, both of which adopt distorted sofa conformations.
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Chapter 9: Future Directions

Terpenoid cyclases initiate and chaperone cyctimatactions to generate a
multitude of structurally complex terpenoid produatith precise regio- and stereo-
specificity. The striking diversity of the terpenens a direct result of the plasticity of the
terpenoid synthases (Segura, 2003). It has beemnstiat the active site of a terpenoid
synthase is predominantly lined with inert amin@agcwhich play a minimal role in the
chemistry of catalysis beyond serving as a temgatechaperone for the reaction
(Christianson, 2008). The plasticity of the terpdnzyclase active site has been studied

in many systems (Greenhagen, 2006; Yoshikuni, 28@6on, 2010).

A study of the sesquiterpene cycladaumulene synthase provides an excellent
example of the engineering potential of terpengdasesAbies grandig-humulene
synthase, a promiscuous sesquiterpene cyclaseyqga®a mixture of 52 different
terpenoid products. In the absence of a crystatstre ofy-humulene synthase, a
homology model based on the knowef-arisolochene synthase structure was used to
identify “plasticity” residues in the-humulene synthase active site. The altered product
profiles of a library of single-site mutants of thptasticity” residues were determined
and used to develop an algorithm to rationally glesnutants using a combination of
single-site mutations, based on the hypothesissihelt plasticity residue is independent,
meaning that the effect of a single mutation onrédeetion mechanism is the same for the

WT or any mutant form of the enzyme. Using theiiorgal design algorithm, two to five
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mutations were combined to create mutant enzymisupito 13 times greater relative

yields of the preferentially desired sesquiterpereluct (Yoshikuni, 2006).

In this work,epiisozizaene synthase (EIZS) has been identifiech &xeellent
model system for studying the structure-functidatrenships of sesquiterpene cyclases.
EIZS is a stable, monomeric enzyme that readilgnfocrystals which diffract to ~1.6 A
resolution, and accommodates single amino acidatioos to active site residues,
facilitating its potential use as a template far thtional design of novel terpenoid
cyclases. Proposed experiments to continue thik imglude completing a GC-MS
analysis of the products of the aliphatic actite mutants (L72V, A236G, and V329A)
discussed in Chapter 7, to determine whether thimsdl modifications to the contour of
the active site result in perturbed product ratiosaddition, determining the kinetic
activity, product-arrays by GC-MS, and crystal stanes of several additional EIZS
active site mutants, namely F95A, F332A, H333A, #WigR5F, would provide a
thorough understanding of which residues diredtigch the chaperoned cyclization
cascade. Furthermore, crystal structures of theeasite mutants provide an accurate
picture of the enzymatic template, which can baldeemodeling and quantum chemical
calculations. To test the hypothesis that the prbdtia terpenoid cyclase can be
predicted by how well the contour of the active sibmplements the shape of the
product, modeling software, such as AutoDock (Mnr2009), will be tested to
determine a matching score for the respective eaigrproducts of each EIZS mutant.
These scores will be used to predict and test Eidhle and triple mutants, and to
facilitate engineering new terpenoid cyclizatiompsates.
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It is important to remember that protein crystalistures provide a static picture
of a dynamic system. Therefore, the orientatiothefresidues that form the active site
cyclization template may occupy alternative confations when the enzyme binds FPP
in the closed conformation, with respect to theeobsd positions of the side chains in the
Mg?*s-PR-BTAC complexes determined. Additional proposedstalography
experiments include determining crystal structwfed/T and mutant EIZS with
substrate, or intermediate, analogues in ordebseiwe the position of a partially folded
substrate in the active site. A crystal structuretaining a partially folded intermediate
would offer insight into the role of the activeesdaromatic residues in stabilizing the

cationic intermediates via cationinteractions.

The ultimate goal of the structure-function studiéthe terpenoid cyclases is to
increase our understanding of these enzymes todiné where it is possible to
systematically alter the function of a terpene agelusing a rational design strategy. The
potential terpenoid rational design has also régéed to the launch of Allylix, a start-up
company aiming to exploit the versatility and piesg of these enzymes to cost
effectively produces useful commercial quantitiesseful and novel terpenoids (Allylix,
2010). Exploiting the specificity and efficiency thlese enzymes may have profound
effects on the large-scale production of terpepoatiucts useful in the food, cosmetics

and pharmaceutical industries.
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