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ABSTRACT

STRUCTURE, FUNCTION, AND APPLICATIONS OF METAL-REQRING

ENZYMES: CARBONIC ANHYDRASE AND EPI-ISOZIZAENE SYNHASE

Julie Anne Aaron

David W. Christianson

Cryptophane Biosensors for Targeting Human Carbonic Anhydrase

Cryptophanes represent an exciting class of xencagsulating molecules that
can be exploited as probes for nuclear magnetaneexe imaging. A series of carbonic
anhydrase-targeting, xenon-binding cryptophanednissrs were designed and
synthesized. Isothermal titration calorimery andaste plasmon resonance
measurements confirmed nanomolar affinity betwaendn carbonic anhydrase 1l and
the cryptophane biosensors. A 1.70 A resolutiostetystructure of a cryptophane-
derivatized benezenesulfonamide human carbonicdrabkg 1l complex was determined,
and shows how an encapsulated xenon atom candmetirto a specific biological
target. Furthermore, this work illustrates theitytihtnd promise of developing xenon
biosensors to diagnose human diseases charactbyizbd upregulation of specific
carbonic anhydrase biomarkers, specifically hunmabanic anhydrase IX and XiIlI.

Structural Sudies of epi-1sozizaene Synthase from Streptomyces coelicolor

Vii



The X-ray crystal structure of recombin&pt-isozizaene synthase (EIZS), a
sesquiterpene cyclase frdareptomyces coelicolor A3(2), has been determined at 1.60
A resolution. Specifically, the structure of wilgge EIZS is that of its closed
conformation in complex with three Mgions, inorganic pyrophosphate (PrRnd the
benzyltriethylammonium cation (BTAC). Additionallghe structure of D99N EIZS has
been determined in an open, ligand-free conformaital.90 A resolution. Comparison
of these two structures provides the first vieveafformational changes required for
substrate binding and catalysis in a bacteriakteopd cyclase, and enables a comparison
of substrate recognition amongst terpenoid synthfisen different domains of life.
Mutagenesis of aromatic residues in the enzymeeastte alters the cyclization template
and results in the production of alternative sesgpéne products. The structure and
activity of several active site mutants have bearieged. The 1.64 A resolution crystal
structure of F198A EIZS in a complex with threedlipns, PR and BTAC reveals an
alternative binding orientation of BTAC, whereas tirystal structures of L72V, A236G
and V329A EIZS reveal an unchanged BTAC bindingmtation. Alternative binding
orientations of a carbocation intermediate cousdi o the formation of alternative

products.
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Part I: Cryptophane Biosensors for Targeting HumanCarbonic Anhydrase

Chapter 1: Introduction

1.1 Carbonic Anhydrase: A Model System

Carbonic anhydrases (CAs) are ubiquitous zinc-roetiatymes that catalyze the
hydration of carbon dioxide to form bicarbonate &tion 1). Four distinct, unrelated CA

CO+ HH O HCO; + H (1)

gene families have been identified and characte@ssfollowso-CAs found in
vertebrates, bacteria, algae, and the cytoplasgneei plants, thp-CAs found in
bacteria, algae, and chloroplasts of mono- andyledons,y-CAs found in archaea and
some bacteria, and finally, tlheCAs found in some marine diatoms (Supuran, 2008).
There are 16-CA isozymes in mammals, with various sub-cellldaalization
including the cytosol, membrane-bound, mitochordiiansmembrane, and secreted
(Table 1.1) (Supuran, 2007). Not only are these/@mes important for pH homeostasis,
they are also involved in a number of other biokgtit pathways including
gluconeogeneis, ureagenesis and lipogenesis. As €4s have been implicated in
cellular proliferation, spermatozoan motility, amgueous humor production, and are
therefore targets to treat many diseases (Eks26@4; Pastorekova, 2006; Mincione,

2008).

The X-ray crystal structures of several human €#zymes have been solved to-
date, including CA I, II, 111, 1V, VI, VIII, IX, X1l and XlII (Table 1.1). The molecular

structures of human CAs are highly conserved. Thetsire is characterized by a central
1



anti-parallelp-sheet, and the active site contains a catalyjiessential Zfi ion,
coordinated by three histidine residues (Figurg. I.he active site is located at the
bottom of a roughly conical, 15 A-deep cleft, whistpredominantly hydrophobic one

one side and predominately hydrophilic on the ofhijas, 1972).

Kinetic experiments have helped to elucidate ttalgtic mechanism of the
enzyme (Figure 1.2). A zinc-bound water moleculé&esaa hydrogen bond to the
hydroxyl moiety of T199. The pKa of the zinc-boundter is lowered to 7, and therefore
can lose a proton and become a zinc-bound hydroXtie hydroxide, a strong
nucleophile, is well oriented to attack a £2@olecule bound in a nearby hydrophobic
pocket (Figure 1.1), forming a zinc-bound bicarltenalext, the bicarbonate is displaced
by a water molecule and diffuses into bulk solutibhe active form of the enzyme is
reformed by loss of proton from the new zinc-bowader via proton transfer to bulk

solvent, assisted by H64.

The most effective CA inhibitors designed to dadatain an aryl-sulfonamide
moiety; the sulfonamide moiety coordinates to th& Zon as a sulfonamidate ion, and
the aryl moiety binds in the hydrophobic cleft auds as a scaffold from which the
inhibitor can be tailored to target a specific oz (Krishnamurthy, 2008). Hundreds of
CA inhibitors have been designed and tested aspatterugs for the treatment of a
variety of diseases including glaucoma (CA 1l ardl Xal), cancer (CA 1X and CA XIlI),
obesity (CA VA, CA VB), seizures (CA Il, CA VII, CXIl, CA XIV), and bacterial

infections (various CAs from pathogenic organis®)puran, 2007).

2



Table 1.1.Catalytic steady-state constdrasd protein data bank reference codes

for human carbonic anhydrase isozymes.

Isozyme | ka (SD)+ | keaKm (M sT) | PDB code Reference
CA |l 2.0x 10 5.0 x 10 2CAB (Kannan, 1984)
CA Il 1.4 x 16 1.5x 16 1CA2 (Eriksson,

1988a)
CAll 1.0 x 10 3.0x 10 1797 (Duda, 2005)
CA IV 1.1x 16 5.1 x 10 3FW3 To be published.
PDB released
12/01/2009

CA VA 29x 10 2.9x 10 - -
CA VB 9.5x 10 9.8 x 10

CA VI 3.4x10 4.9 x 10 3FE4 To be published.
PDB released
12/16/2008
CA VI 9.5x 10° 8.3 x 10 - -
CA VI - - 2W2J (Di Fiore, 2009
(CARPY
CA IX 3.8x 10 5.5 x 10 3IAl (Alterio, 2009)
CA X - - - -
CA XI - = - :
CA XII 4.2 x 10 3.5x 10 1JCZ (Whittington,
2001)
CAXIIl |15x10 1.1 x 10 3DON (Di Fiore, 2009)
CAXIV |31x10 3.9x 10 1RJS (Whittington,
2004Y

murine CA | 4.7 x 10 3.3x 10 - -
XV

!Kinetic parameters were taken from a recent rewig\€. T. Supuran (Supuran, 2008).

’CARP is a carbonic anhydrase-related protein.

3Crystal structure of murine carbonic anhydrase XIV




Figure 1.1.A cartoon representation of the crystal structdreuman CA I,
solved at 1.1 A resolution (PDB 3D92) (Domsic, 20d8complex with the substrate,
CO.,. The catalytic Zfi" ion is represented as a sphere (grey) coordinateedidues
H94, H96 and H119, and is coordinated to water $pgtere), which makes a hydrogen
bond to the side chain of T199. Carbon dioxideoisria in a hydrophobic pocket in the
active site formed by V121, V143, and L198. A proshuttle which transports a proton
from the zinc-bound water molecule to bulk solvienroposed to include H64, which is

observed in two discrete conformations in the atystructure.
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Figure 1.2.Catalytic mechanism of carbonic anhydrasechematic representation of
the catalytic mechanism of the hydration of 19 a-CAs. Carbon dioxide is bound in a
hydrophobic pocket formed by V121, V143 and L198of@ination to the zinc cation
lowers the pKa of the bound water molecule fron¥16.~7, by stabilizing its conjugate
base, hydroxide. Furthermore, the positively chaijac stabilizes the negatively-

charged transition state leading to bicarbonatedion.



Of the 12 catalytically active mammalian CAs, QAslthe most thoroughly
studied isozyme and is regarded as a robust mgsigm for systematically studying
protein-ligand binding (Elbaum, 1996; KrishnamuttB908). Human CA Il is a
particularly good model system for many practieasons, namely it is a 30 kDa
monomeric enzyme that is simple to overexpresspanifly from E. colidue to its
exceptional stability. The catalytic mechanism &f, @s well as the mechanism of
inhibition by Zrf*-binding ligands are well understood. Human CAdslthe highest
catalytic efficiency of thet-CAs, withkea/Ky = 1.5 x 18 M s*, approaching the limit

of diffusion control.

The X-ray crystal structures of several CA isozymage been determined at
high-resolution. These structures have enabledratigh study of ligand/inhibitor
binding. CA I, a soluble cytosolic isozyme, is peularly amenable to crystallization,
resulting in hundreds of protein data bank (PDB)nsigsions, many at high resolution
(better than 1.2 A). The use of CA as a model foplwysical and physical-organic
studies of protein-ligand interactions has beeemtdyg extensively reviewed
(Krishnamurthy, 2008). The use of CA Il as a mageitem for studying protein-ligand
interactions is extended in this dissertation; C& utilized for the structure-based
design of a xenort{®Xe) biosensor for use as a magnetic resonance nM&RIR1)

contrast agent.



1.2 Xe MRI

Proton tH) magnetic resonance imaging (MRI) is one of tfestwidely used
and versatile techniques for scanning deep tisgitle important applications in disease
diagnosis. MRI offers many advantagesifovivo imaging; it is non-invasive, uses non-
ionizing radiation, and produces tomographic imagéthough the intrinsicH MR
signals from water and fat typically have low s&ugy, contrast agents have been
developed that contain gadolinium or iron-oxidetigls, which improve the diagnostic
power of the resulting images (Degani, 1997; FeSareau, 2003). More recently
however, research has shifted focus to investidpeise of other nuclear magnetic
resonance (NMR) active nuclei, includifige, *C, #r and*?*Xe, which can be
hyperpolarized to significantly increase the NMBnsil. Hyperpolarization is achieved
through a process known as spin-exchange optiecapmg; angular moment is
transferred from circularly polarized light to dkali metal, the newly polarized metal
interacts with the nuclear spin of the isotopentéiiest through dipolar coupling to
increase the population of unpaired spins (Kauck@®8).*?%}e is particularly exciting
for applications in imaging since it has a spin#¢laus, a >200-ppm chemical shift
window in water, and a natural isotopic abundarfc&éo (commercially available up to
86%). Moreoveri**Xe hyperpolarization can enhance MRI signals ~10000

(Cherubini, 2003).

Currentin vivo ***Xe MRI applications include functional lung imaging
Hyperpolarized?®Xe MRI offers increased signal-to-noise ratiosléorg tissue with

7



respect to conventiond MRI. Typically, a mixture of hyperpolarizéd®Xe gas and N

is inhaled by a patient, where it acts as a conagent for visualizing the airways.
Imaging the diffusion of xenon gas in the lungs tiagcal applications in the diagnosis
of asthma, chronic obstructive pulmonary diseag&tjcfibrosis, and pediatric chronic
lung disease (Fain, 2007). However, there areditoins to the application of
hyperpolarized®®Xe MRI imaging due to the reliance of the techniguethe diffusion

of xenon to the tissue of interest. This limitatman be overcome by the development of
functional xenon biosensors, a strategy first psgloby Spence and colleagues in 2001

(Spence, 2001).

1.3 *®*Xe-Cryptophane Biosensors

Extending the application of hyperpolariz&dXe imaging beyond the lungs
requires a biosensor that is able to bind xenomstavhile simultaneously targeting the
biological moiety of interest. An interesting clagorganic supramolecular compounds
known as cryptophanes can be used as the xenon@ageophane cages consist of two
cup-shaped [1.1.1]orthocyclophane units connecyetitee bridging units (Figure 1.3).
Cryptophanes of diverse shapes, sizes and cheprmaérties can be synthesized by
varying the R1 and R2 substituents, the identitshefbridging units, Y, as well as the
diastereomersynor anti). The type of bridging unit has a great effectloa size of the
cage. The volume of a cryptophane-A cage [Y=0{@B, R1=R2=0CH] is 95 A, and
it can reversibly encapsulate xenor (K3900 MY). The highest affinity measured to

date for a cryptophane-Xe interaction ig 3.3 x 1d M, for tri-acetate cryptophane-A.



Furthermore, varying the R1 and R2 substituentsitites the use of cryptophane
cages as xenon carriers in a biosensor that ctardpeted to specific proteins using an
appropriate affinity tag (Lowery, 2006; Schrode®d08g). The affinity-tags and their
respective targets that have been investigateddedbiotin-streptavidin, peptide-antigen
and DNA-DNA hybrid (Spence, 2001; Roy, 2007; Schki2009). In this work, a series
of racemic biosensotsave been designed to target the active site adCfesozymes,

and structural and binding studies of the biosemsttr human CA | and CA Il follow.



T ION ’
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Figure 1.3.General structures of cryptophanes.g@aij diasteromer. (b3yn
diasteromer. Varying the bridging atoms (Y) andssiitbents (R1 and R2) give rise to

cages of diverse size, shape and chemical propertie

10



Chapter 2: Binding Studies of"**Xe-Cryptophane Biosensors and Carbonic

Anhydrase

2.1 Design and Synthesis of ***Xe-Cryptophane Biosensors

The design of a function&t®Xe-cryptophane biosensor to target CA is quite
simple. First, an appropriate cryptophane cage chusten as the functional xenon
binding moiety. Next, an appropriate CA affinitgtmust be synthesized and attached at
the R1 or R2 position, and finally, the remaindeR& and R2 positions must be
derivatized with appropriate side groups to imgafticient biosensor solubility. As a
starting point for the design, the cryptophane-gecevas chosen due to its superior
xenon binding capabilities. To target the catabfticactive Zrf*ion in the active site of
CA a benzene-sulfonamide functional group was ainocsed added at the R1 position. In
order to increase the aqueous solubility of thedmsor, additional carboxylic acid
functional groups were coupled to the two additid®h positions, and —OCGHyroups
were added at the R2 positions. A series of thiegebhsors were synthesized with
varying linker lengths between the sulfonamidatectional group and the cryptophane
cage to investigate the optimal biosensor constAisummary of the synthesis,
performed by J. M. Chambers is summarized in Figute The CA targeting portion of
the biosensor was synthesized starting fiorihe benzene-sulfonamide moiety was
conjugated to an azide linker, varying the numbenethylene groups between the
benzene ring and the azide moiety from 0-2 to f@rd Next, starting with tripropargyl
cryptophane (R1= C¥£CH and R2= OC}J, 5, the azide functionality oB-4 was
stoichiometrically coupled to the cryptophane vizopper catalyzed [3+2] cycloaddition.

11



Following silica column chromatography to removetarchiometric side products, the
remaining R1 positions were coupled to 3-azidopojai acid,6, to form a series of

water-soluble CA targeting cryptophane biosen3es
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Figure 2.1.Cryptophane biosensor synthesis was performed ldly Chambers, for a
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2.2 | sothermal Titration Calorimetry Measurements

2.2.1 Introduction

Isothermal titration calorimetry (ITC) is a techngused to measure the
thermodynamic parameters of interactions betwedecgutes by measuring the change
in heat upon mixing of the analytes of interese@ijically, ITC directly measures the
binding affinity (Ky), enthalpy change\H), and binding stoichiometry (n) of an
interaction between two molecules, in our case @dacryptophane biosensor. Then,
using the Gibbs free energy equation (2), the egt(aS and Gibbs free energpG) of
the interaction can be determined (Falconer, 2010).

AG = -RTInNK, = AH — TAS (2)

An ITC experiment is performed in a calorimetert tt@ntains two identical small cells
surrounded by an adiabatic jacket. One cell seages control/reference cell while the
second cell serves as a sample cell. To begin periexent, one of the analytes of
interest, in our case the protein CA, is placethensample cell. Next, the biosensor is
slowly titrated into the protein solution in aliggmf a few microliters per addition.
Binding of the cryptophane biosensor to CA is erattic. The instrument detects
temperature differences between the sample ancereie cell and measures the time-
dependent input of power required to maintain luetls at the same temperature. The
raw data is integrated with respect to time to mheitee the total amount of heat released
per analyte injection, and together with the madaio of biosensor to protein the
thermodynamic parameters of the interaction caddvermined. The advantages of ITC
include the ability to measure free energy, enthaptropy, association constant, and
stoichiometry of an interaction simultaneously withincorporating unnatural labels,

14



which could introduce bias to the measurement.adseciation constant for the
interaction can be converted into a dissociatiamstant from the relationshipgke 1/K,

(Freyer, 2008).

2.2.2 Experimental Methods

All calorimetry experiments were conducted at 298rka VP-ITC titration
microcalorimeter from MicroCal, Inc. (Northhamptbth), using standard protocols and
data analysis (Wiseman, 1989; Fisher, 1995). Hu@®nh was purchased from Sigma
and used without further purification, human CAvHs overexpressed Escherichia
coli and purified as previously described (AlexandeB3)9Biosensorg, 8 and9, as
well as the benzenesulfonamide-link&rwere synthesized by J. M. Chambers
(Chambers, 2009). CA | and CAwWkre diluted to ~ 2M and exhaustively dialyzed
against 50 mM Tris-SE(pH 8.0). Biosensors (~10 mM stock solutions in DD)Svere
dissolved at a concentration of 135-3(0M in an aliquot of the same buffer, and an
equivalent concentration of DMSO was added to timyme solution. Prior to the
titration experiment, samples were degassed uraterum for 5 min. The sample cell
(effective volume = 1.4 mL) was overfilled with In@. of CA at a concentration of 14-
26 uM, and the reference cell was filled with watereTdontents of the sample cell were
titrated with 30 aliquots (10L each) of inhibitor (two initial 2iL injections were made,
but not used in data analysis). After each injexttbe heat change was measured and
converted to the corresponding enthalpy value.réhaetion mixture was continuously
stirred at 300 rpm during titration. Control expeents were carried out by titrating the

inhibitor into the buffer solution under identieatperimental conditions. The
15



calorimetric data are presented with the backgrditrations subtracted from the
experimental data. The amount of heat producedhpesation was calculated by
integration of the area under each peak. Data fitdrethe equation q =

V AH[E]K[L])/(1 + K[L]), where q is the heat evolved duritige course of the reaction,
V is the cell volume A H is the binding enthalpy per mole of ligand,[i&]the total

enzyme concentration, K is the binding constand, [&his inhibitor concentration.
Nonlinear regression fitting to the binding isotmefORIGIN 5.0 software, MicroCal)
using a one-site model gave the equilibrium disgam constant of the ligand gkand
estimates of the standard error. Representatitieesnal calorimetric data and binding
isotherms are shown in Figures 2.2 and 2.3 ananarsury of dissociation constants for
the CA-biosensor complexes are summarized TableTRd error iss; = V(Ciy2), where

Cii is the diagonal element of the variance-covariana#ix.

2.2.3 Results and Discussion

ITC binding measurements indicate that all thresdénsors have nanomolar
affinity for human CA | and CA Il (Table 2.1). Th& of the benzenesulfonamide
affinity tag,4, was measured as a control to determine the botioh of the
cryptophane on the binding constant. ITC bindingl&s indicate that the presence of
cryptophane and length of the linker between thi®samide and the cage has little
effect on the I Overall, all three biosensors exhibited modesityer affinity for CA |
(20 — 80 nM) versus CA 1l (60-100 nM). BiosenSaexhibited the highest affinity for
CA 1l (60 nM), while biosensor exhibited the highest affinity for CA 1 (20 nM)

(Chambers, 2009).
16



Table 2.1.Summary of dissociation constants for biosensoriserac anhydrase

complexation determined by ITC at 298 K.

CA Isozyme Ligand Ka (nM)
I 4 30+ 10
7 20+ 10
8 80 + 10
9 30 + 20
Il 4 100 + 10
7 100 + 20
8 110 + 30
9 60 + 20
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Figure 2.2.Isothermal calorimetric data for the interactiong and7 with CA |
(left panel) and CA II (right panel). CA | (19:8M) titrated with4 (200.0uM); CA 1l
(25.9uM) titrated with4 (292.3uM); CA | (20.0uM) titrated with7 (183.0uM); CA 1l

(19.32uM) titrated with7 (182 uM).
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Figure 2.3.Isothermal calorimetric data for the interaction8 and9 with CA |
(left panel) and CA II (right panel). CA | (22,4M) titrated with8 (200.0uM); CA 1l
(16.6uM) titrated with8 (194.9uM); CA | (14.2uM) titrated with9 (135.7uM); CA 1l

(14.9uM ) titrated with9 (200 uM).
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2.3 Surface Plasmon Resonance Measurements

2.3.1 Introduction

Surface plasmon resonance (SPR) is a physicabpiemon that can be used to
detect very small changes at a surface. SpeciicaPR experiments measure a change
in the local index of refraction at a surface, lsg in a change in resonance conditions
of surface plasmon waves (Pattnaik, 2005). Receatiyimber of instruments based on
SPR have become commercially available and arefmadly designed to quantify
macromolecular interactions (Jason-Moller, 2006 €xperimental setup involves
immobilization of one of the binding partners dferest (typically referred to as the
“ligand”) to a sensor-chip. A typical sensor-chspai glass slide coated with a thin layer
of gold followed by a specific surface matrix, tbish the ligand is attached (examples
include carboxymethylated dextran, streptavidiokei cheltation, and hydrophobic
monolayer). Surface plasmons are excited by intiligimt beam on the opposite side of
the gold surface. The incident photons induce amescent light field into the gold film
and at a certain incident angle are able to estittace plasmons. When a plasmon is
excited, the change in the reflected light is obsérat that incident angle is measured by
a charged couple device (CCD) chip (Pattnaik, 200b¢ first step of an SPR
experiment is to immobilize the “ligand” on the senchip surface. Next, the “analyte”
flows over the chip, where it interacts with thegédnd” (the association phase), this
interaction is correlated to the change in maskeasensor surface, resulting in an
observable change in the SPR angle, detected bgrage in the intensity of the reflected
light (measured in resonance units (RU)). Findhe, chip is regenerated by flowing
buffer over the surface of the chip (dissociatibage). The time-dependant change in
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SPR signal recorded during an experiment can lhe &ialculate the binding constakt,

for the interaction of the specific ligand and gtal(Pattnaik, 2005).

SPR techniques offer many advantages for studyimgjriy of small molecules
and macromolecular targets; the technique canlded-feee, interactions can be studied
in real time, it requires very small volumes oftein, and one immobilized sample on a
chip can be reused many times to study a varietyftarent analytes. However there are
a number of challenges as well since the changefiactive index is relatively small,
accurate results require optimization of experiraeparameters and high-quality data for

consistent, accurate results (Cannon, 2004).

2.3.2 Experimental Methods

Interaction analyses were performed using a B&a80600 SPR instrument
(Biacore AB, Uppsala, Sweden) at The Protein Ca@lify, Children’s Hospital of
Philadelphia. Recombinant human CA Il was coupted tarboxymethylated dextran
(CM5) chip using amine coupling reagehkethyl-N’-(3-
dimethylaminopropyl)carbodiimidé&J-hydroxysuccinimide (NHS), and ethanolamine
HCI, using previously published procedures (Can2®@4). The CA Il stock solution
was prepared in 100 mM sodium acetate (pH 4.9).pE=smof the analytes, biosensa@rs
9, were prepared in the running buffer (20 mMVbNBRO,-NaH,PO,, pH 7.4, 1.5 M NaCl,
3% DMSO) at the following analyte concentrationd,56nM, 125 nM, 250 nM, 500 nM,

1000 nM, 2000 nM. Each concentration of analyte teated in duplicate. Kinetic data
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were fit to a simple 1:1 interaction model (Langmhinding) using the program

BlAevaluation.

2.3.3 Results and Discussion

Dissociation constants for the interactions of hnr@& 11 and biosensors-9
were determined using SPR (sensorgrams are shokigune 2.4 and a summary of the
results in Table 2.2). Comparison of the dissosratonstants obtained from ITC and
SPR confirm nanomolar-binding affinity of the crgphane biosensors to CA IL.
Furthermore, SPR measurements indicate that biosésnds tightest to human CA I,
followed by biosensd® then8. Interestingly, there is a greater than 10-folstcepancy
between the Kdetermined by SPR and ITC for the biosers@A Il interaction. The
origins of this discrepancy are unclear; as thim§tparameters for the SPR and ITC data
are satisfactory. Overall, the SPR experimentstilate the usefulness of this technique
for studying cryptophane-biosensor-protein intacanst, specifically in a high-throughput

manner.
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Table 2.2.Dissociation constant determined by surface plasrasonance for

biosensorg-9 with human CA II.

Analyte Ka (NM) Vi
7 7.33 0.853
8 207 0.442
9 40.9 1.1
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Figure 2.4.Surface plasmon resonance sensorgrams for thractitsn between

human CA Il and (A) biosensd@r (B) biosensoB, and (C) biosensd.
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Chapter 3: Structural Studies of***Xe-Cryptophane-CA II

3.1 Materials and Methods

Human CA |l was overexpressedtkscherichia coland purified as previously
described (Alexander, 199&)rystals of the CA ll-biosensor complex were fornhgd
adding a two-fold excess of biosen8qdl0 mM stock in DMSO) to 0.5 mg/mL CA Il
(50 mM Tris-SQ, pH 7.5) and incubating at’€ for one hour. The mixture was
concentrated using a YM-10 filter to a final CAcbhncentration of 10 mg/mL. Crystals
were grown using the hanging drop method: & %irop of CA Il solution was added to a
5 uL drop of precipitant solution (50 mM Tris-(16% PEG 3350, 3.5 migH
mercaptoethanol) and suspended over a reservdiinorg 1 mL 50 mM Tris-S@Q 27-
32% PEG 3350 and 3.5 mpdmercaptoethanol at€. Crystals formed within 1-2
weeks and were improved with seeding. Cubic crygiegw to typical dimensions 0.2
mm x 0.2 mm x 0.2 mm (Figure 3.1). Crystals wes@protected by augmentation of the
mother liquor with 15% glycerol and then looped aneissurized with Xg for 30
minutes at 20 atm using a Xenon Chamber (Hamptsedteh). Crystals were flash
cooled 10 seconds after Xe pressurization. Crygtalded diffraction data to 1.70 A at
the Cornell High Energy Synchrotron Source (CHES&mline F-2X = 0.9795 A, 100
K), using an ADSC Quantum 210 CCD detector (Szebd®@7). Diffraction data were
indexed, integrated and scaled using HKL2000 (Cdwki, 1997)Crystals belonged to
space groujc2 (unit cell parameters a = 67.4 A, b =50.0 A, 810 A,p = 107.%) and
were isomorphous with those of T199P CAIl complewtth thiocyanate (PDB 1LG6)

(Huang, 2002). Initial phases were obtained by mdé& replacement using the program
25



Phase(Storoni, 2004) with PDB 1LG6 (less water molecwdes ligand) as a search
probe for rotation and translation functions. Thegoams CN$Brunger, 1998) and O
(Jones, 1991) were used in refinement and rebygjdespectively. Figures were
generated using PyMOL. Molecular surface area \abulated with protein interfaces,
surfaces and assemblies service PISA at the Eurdpieanformatics Institute
(http://www.ebi.ac.uk/msd-srv/prot_int/pistart.njniKrissinel, 2007). Data collection

and refinement statistics are summarized in Taldle 3
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Figure 3.1.Crystals of Biosens®-CA Il
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Table 3.1.Data Collection and Refinement Statistics for CA-Ke complex.

CA 11-9-Xe complex

Data Collection

PDB Code 3CYU
Resolution, A 38.7-1.70
Total reflections measuréd 52826 (4698)
Unique reflections measured 27728 (2556)
Ruerge’” 0.078 (0.496)
I/c(1)® 27.1(2.3)
Completeness (%) 97.0 (90.3)
Redundandy 3.9 (3.7)
Refinement
Reflections used in 24730/1139
refinement/test set
Ruork 0.226
Riree 0.249
Protein atonis 2049
Water molecul€es 185
Xe atom$ 2
Cryptophane-A- 103

benzenesulfonamide atoms
R.m.s deviations

Bond lengths, A 0.016
Bond angles, 1.8
Dihedral angles’ 22.4
Improper dihedral angleS, 0.7
Average B-factors, K
Main chain 31
Side chain 35
Xe atoms 43
Zn atom 28
Cryptophane-A- 42
benzenesulfonamide atoms
Solvent 40
Ramachandran Plof
Allowed (%) 86.6
Additionally allowed (%) 12.5
Generously allowed (%) 0.9
Disallowed (%) 0.0

®Number in parentheses refer to the outer 0.1 Al shelata.

meerge: > I-¢I) | /31, where | is the observed intensity aihdis the average intensity calculated
for replicate data.

‘Per asymmetric unit

YRamachandran plot statistics calculated for nofigr@nd non-glycine residues using
PROCHECK (Laskowski, 1993).
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3.2 Results and Discussion

The X-ray crystal structure of the CA9Xe complex was solved to 1.70 A
resolution, and refined to final gk and Ree values of 0.23 and 0.25, respectively
(Aaron, 2008). Two xenon sites were identified hgpection of the Bijvoet difference
Fourier map calculated from anomalous data. Tis¢ dite is near the opening of the
active site cleft, 18 A from Zfi and 8 A from the protein chain, and correspondiéo
Xe atom encapsulated by the cryptophane (Figune Btz encapsulation of Xe within
the cryptophane cage 9fis confirmed by inspection of the Bijvoet diffecnFourier
map calculated from anomalous scattering data.yXdiffraction data was collected at a
wavelength. = 0.9795 A, which is far from the Xq bdge of 2.27 A (Watanabe, 1965).
Nevertheless, the anomalous scattering compdhesat3.4 éfor Xe, so the anomalous
signal is still prominent at the wavelength of daddlection. The second Xe site is a
hydrophobic pocket defined by A116, L148, V218, £1¥223 and F226, which is
consistent with the known binding interactions @& M other systems (Figure 3.3)
(Prange, 1998). The crystallographic occupancid¢kexe Xe sites refine to 0.50 and
0.37, respectively. Anomalous scattering peaksabsent from crystals not subject to Xe

pressurization.

The occupancy of the active site zinc ion was ezfiat 0.5, which was consistent
with the occupancy of 0.5 determined for biose®soBecause the crystallographic
occupancy was thus 0.5 for Xe encapsulated witierctyptophane moiety, and the
electron density map indicated the binding of boptophane enantiomers, each

enantiomer was refined with an occupancy of 0.28r@ge B-factor = 42 2. A total of
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185 water molecules were included in later cyclegetnement. Data reduction and
refinement statistics are recorded in Table 2. NHterminus (N1-H3) was disordered

and is omitted from the final model.

BiosensoM coordinates to the active site?Zion as the sulfonamidate anion,
displacing the zinc-bound hydroxide ion of the va&nzyme as previously observed in
other complexes of CA Il with benzenesulfonamidevdgives (Eriksson, 1988b;
Elbaum, 1996; Supuran, 2007; Krishnamurthy, 2008 crystallographic occupancies
of 9 and Zrf* are refined at 0.5. It is unusual to observe dishied Zii* occupancy in a
CA llI-inhibitor complex, and the molecular origiosthis effect are not clear. NotabBy,
contains a chiral axis and the electron density reapals the binding of equal
populations of both enantiomers (Figures 3.4 aBjl Beach refined with an occupancy
of 0.25) (Eliel, 1994; Collet, 1996; Ruiz, 2006 véall, the binding 09 does not cause
any significant structural changes in the active, €ind the root-mean-square deviation is
0.34 A for 256 @ atoms between the current structure and the urdigghenzyme (PDB
2CBA) (Hakansson, 1992). The total surface arekisf~1500 &, of which ~500 &
becomes solvent inaccessible due to contac®saathin the active site cleft of CAll
designated molecule | in Figure 3.6. Crystal caisthary an additional 540%f the
surface oD as follows: 270 Awith molecule Ill, and 240 Zand 30 Awith the front
and back faces of molecule Il, respectively. MoledV does not conta& bound to

molecule |.
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Figure 3.2.Anomalous Fourier map showing Xe location at opgmhCA Il
active site. Xe (yellow sphere) was identified upaspection of Bijvoet difference
Fourier map (black) calculated from anomalous tatae 18 A from zfi" (gray sphere)
at opening of active site cleft. The Xe occuparscsefined at 0.50The van der waals

radius of Xe is shown as a translucent yellow spher
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Figure 3.3.Anomalous Fourier map showing Xe location in CAydrophobic
pocket. A second binding site is observed in a bydobic pocket defined by A116,
L148, V218, L157, V223 and F226. Binding at thi® $6 consistant with Xe binding in

other proteins. Occupancy is 0.37. The van dersuvaalius of Xe is shown as a

translucent yellow sphere.
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Some structural changes are observed near theroutef the active site cleft
where the cryptophane binds. The most notable ehengbserved for Q136, which
rotates ~180to make van der Waals contacts with the cryptoplaml the symmetry-
related cryptophane bound to molecule Il in thestal lattice. Other residues at the
active site rim of molecule | that make close cotgavith the cryptophane are G132 and
P202. Additional structural changes in the cryfsttiice result from the binding &to
molecule I: in molecule 1, H36 rotates <40 make a van der Waals contact with the
cage, and Q137 of molecule Ill rotates “@8Ddonate a hydrogen bond to an ether

oxygen atom o9.

Although the pendant propionates appear to be oiscgdered than the
cryptophane and are characterized by correspondnghker electron density, a
hydrogen bond between a propionate moiety and @&®tecule 1l is observed. The
relative dearth of strong cryptophane-protein stéons may explain why the affinity of
9 measured by ITC is only slightly better than tmetasured for the parent triazole-
benzenesulfonamide lacking the cryptophdfie£ 100 = 10 nM). Larger refined
thermal (B) factors fo® (<B> = 42 X) compared with the overall CA Il model
(<B>main chain = 31 & <B>side chain = 35 A reflect the mobility and conformational

heterogeneity of the bound biosensor.

Limited hydrogen bond interactions between CA il éime cryptophane moiety of
9 may be advantageous for the use of cryptophan€Sasbiosensors. Translational and
rotational freedom, the consequence of a flexiblesk between the cryptophane and the
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benzensulfonamide, could allow the cage to reor@pitllyin situ, independently of the
protein, to result in decreased correlation tinres @arrower line widths that increase the
sensitivity of'**e NMR measurements in solution. In conclusiors thork reveals the
first experimentally determined structure showigvian encapsulatéd®e atom can

be specifically directed to a biomedically relevpnitein target. The possible
implications for cancer diagnosis are profoundegithat CA isozymes IX and XII are
overexpressed on the surface of certain cances (distorekova, 2006). Moreover, a
search of the Protein Data Bank reveals that wstmiolecular mass of 1554, tGeXe
complex is one of the largest synthetic organianids ever cocrystallized with a protein.
Thus, this work demonstrates the feasibility ofgameng crystalline complexes between

proteins and nonbiological, nanometer-scale ligands
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Figure 3.4.The MM, and RP, enantiomers of the cryptophane-A-derived CA
biosensor. The benzenesulfonamide moiety servas affinity tag that targets the Zn
ion, and the Rsubstituents contain triazole propionate moidties enhance aqueous

solubility.
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Figure 3.5.The crystal structure of biosengbbound to CAll.Refinement
revealed the binding of equal populations of bataArgiomers 0. A simulated
annealing omit map showirigM M, (blue) and®-P,P, (red) bound in the active site (1.9

G contour, teal).
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Figure 3.5.The unit cell of CAll-biosenso®-complex.The crystals in space
group C2 contains four molecules: | (x,y,z), Il ¥&y+%2,2), lll (-x,y,-z) and IV (-

X+Y2,y+Y4,-7).
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3.3 Future Applications of Cryptophane-based CA Biosensors

Although a very valuable model system, moleculaaging of human CA Il is not
relevant for disease diagnosis since CA Il is foumchany tissues in the body, and is not
upregulated in connection with a particular diseaseomparison, CA IX and CA XIi
overexpression is induced by hypoxia, a patholdgicadition caused by oxygen
deprivation, and associated with many types of ea(f8upuran, 2008; De Simone,
2010). CA IX and CA XIlI are two of only three tranembrane human CAs (the third is
CA XIV). In addition to tumors, CA IX is also lodgaéd in gastrointestinal mucosa, while
CA Xll is localized in renal, intestinal, reprodive epithelial, and eye tissues (Kivela,
2005; Supuran, 2008). Structural analyses of hu@ramX and XII offer useful insight in

the design of a selective biosensor for imagingeswus tissue.

Human CA IX contains four domains in addition toNwterminal 37 amino acid
signal peptide. Attached to the signal peptide soteoglycan-like (PG) domain,
followed by a 257 residue catalytic domain, a tra@sibrane segment that transverses
the membrane once, and finally a short intracyspia tail (De Simone, 2010). The
crystal structure of the catalytic domain of CAWas recently determined (Alterio,
2009), and revealed several interesting structibvaérvations, which may aid in rational
drug design of selective CA IX inhibitors. Human ©Aforms a dimer (Hilvo, 2008),
mediated by an intermolecular disulfide bond betw€d1 of each monomer, in addition
to ~1590 X buried surface area (Alterio, 2009). The structfrthe dimer suggests that
the proteoglycan domains are located at the barfigye active site, and are proposed to
be involved in assisting the catalytic domain itabsis. pH dependent activity profiles
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indicate that the presence of the PG domains redheepKa of the zinc-bound water
molecule from 7.01 to 6.49, making CA IX more aetia solid and hypoxic tumors
where the pH is typically slightly acidic, and caitkently where CA IX is typically
overexpressed (Alterio, 2009). Overall, the strretwf the catalytic region of CA IX is
highly conserved with respect the other CA isozytes rmsd for the superposition of
the backbone atoms of the catalytic domain of CAvith human CA Il is 1.4 A. CA IX
was co-crystallized with the acetazolamide, a sidfoide inhibitor with a Kof ~9-25
nM, depending upon the CA IX construct (Hilvo, 2D08&owever, some structural
differences in the region of residues 125-137, namesidues 131, 132, 135, and 136 can
be exploited for specific inhibitor design. Furtimare, the extracellular localization of
CA IX allows for the design of positively chargedembrane-impermeable, inhibitors
which can bind to membrane-associated CA isozymimut effecting cytosolic and

mitochondrial CA isoforms (Alterio, 2009).

Since CA IX expression is highly tumor specificdas primarily localized on the
surface of solid tumors including gliomas/ependyrasyimesotheliomas, and many types
of carcinomas (Potter, 2003), it is an ideal caatidor selective imaging for early
cancer detection. Specifically, a functionalizegiptophane containing a CA IX targeting
moiety coupled with positively-charged amine watelubilizing groups are a starting

point for design of a CA IX-specifit®Xe MRI contrast agent (Taratula, 2009).

The crystal structure of the catalytic domain ofrfaun CA XlI also indicated the
formation of a biological isologous dimer (Whittbog, 2001). The dimer interface
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contains 19 hydrogen-bond interactions and buries061% of surface area per
monomer, while leaving the enzyme active site agibés The residues that define the
core of the active site are highly conserved wattpect to CA Il, however the structures
diverge in the “130’s segment” of the active s8pecifically, human CA XII has an
alanine residue in place of F131 in human CA kating a larger cavity in the active site
and exposing S135 (Whittington, 2001). This regidthe human CA XII active site can
be exploited for CA Xll-specific biosensors.

Recently, bioreductive nitro-containing sulfonansideve been investigated as
carbonic anhydrase inhibitors with selectivity fomor associated CA 1X and XII.
Several compounds have been identified with selégtiatios for the inhibition of CA
IX and XlIl over CA Il up to 17 times, and for thehibition of CA 1X and XII over CA |
up to 1400 times (D'Ambrosio, 2008). These compsigave as excellent lead

compounds for the design of a selective CA IX or XIAbiosensor.
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Part 11: Structural and Functional Studies of the Sesquiter pene Cyclase epi-

| sozizaene Synthase

Chapter 4: Introduction

4.1 Terpenes and Terpene Synthases

The terpenome is comprised of a family of more t&)®00 structurally and
stereochemically diverse natural products, all bich ultimately derive from the
universal 5 carbon precursors dimethylallyl diphHese (DMAPP) and isopentenyl
diphosphate (IPP) (Figure 4.1) (Christianson, 200%yeasingly longer polyisoprenoids
are formed by the coupling of DMAPP and IPP, ireadto tail fashion to form
geranyldiphosphate, farnesyl diphosphate, gernargig/l diphosphate, and
geranylfarnesyl diphosphate, the linear precurgbtee mono-, sesqui-, di-, and sester-
terpenes, respectively (Figure 4.1) (Tholl, 200@&xpenoids are ubiquitous throughout
nature and serve a multitude of specific functionglants, animals, insects, bacteria and
fungi. For example, terpenoids are critical fomplaurvival and account for a large
number of primary metabolites, including molecufeslved in photosynthesis,
respiration, and membrane structure. Terpenoiasasount for a wide range of
secondary metabolites in plants, where they beatogue flavors and fragrances,
provide chemical defense against pests, and teilinteractions between plants and
other organisms (Aharoni, 2005; Pichersky, 2006)nfa medicinal perspective,
terpenoids are of great interest because manyeséthatural products exhibit anti-
cancer, anti-malarial, and anti-microbial actisti@haroni, 2005). Furthermore, two
molecules of farnesyldiphosphate can be coupleetheg via a head-to-head
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condensation to form squalene, the triterpene tipeacursor to the steroids (Abe, 1993).

A family of enzymes known as terpenoid synthasesresponsible for the
tremendous structural diversity of the terpenoiaspenoid synthases can be divided into
two categories: class | enzymes adopt the FPP ayedhhelical fold and initiate
catalysis by metal triggered ionization of the drdie diphosphate group, and class I
enzymes adopt an unrelated doubibarrel fold and initiate catalysis by protonatmin
an epoxide ring or carbon-carbon double bond (EEigdi2). Class | terpenoid synthases
can be further subdivided into three categorieaplting enzymes that catalyze chain
elongation reactions to form increasingly longely@oprenoid diphosphates, coupling
enzymes that catalyze irregular (i.e., non-heathipisoprenoid condensation reactions
such as cyclopropanation, cyclobutanation, or bdrengcreactions (Thulasiram, 2007),
and cyclization enzymes that catalyze the conversidinear isoprenoid substrates into
single and multi-ringed hydrocarbon products (Caatel 985; Cane, 1990; Lesburg,
1998; Wendt, 1998). The potential diversity of @arzarbon bond formation afforded
by the flexible linear isoprenoid substrate, arel¢hemical potential for subsequent
biosynthetic functionalization of cyclic terpenoiolg cytochrome P450,
monooxygenases, etc., make terpenoid biosynthestractive system for engineering

novel compounds (Aharoni, 2005; Yoshikuni, 2006s#u, 2008).
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The crystal structures of several class | terpenoigling and cyclization
enzymes have been solved, revealing a consenrleslical terpenoid synthase fold
across the domains of life. Structures of enzymmeptexes with substrates, inhibitors,
and/or products have also revealed the universaagation of a trinuclear metal cluster
implicated in the molecular recognition of the dudite diphosphate group as well as the
initiation of catalysis. Metal ions are coordinatgdmetal binding motifs on opposing
helices near the mouth of the active site. The hiretaing motifs are generally
described as either “aspartate-ricBQXX(XX) D/E] or as a secondary metal binding
motif “NSE/DTE” [(N,D)D(L,I,V)X(S,T)XXX E], in which boldface residues typically
coordinate to catalytically obligatory Mgor Mr**ions (where metal ligands are
indicated in boldface) (Christianson, 2006). X-caystal structures have been
instrumental in understanding the catalytic mecérasiof terpenoid synthases: the active
site of each synthase provides a template thashimelflexible substrate(s) in the proper
orientation and conformation so that, upon the depaof the diphosphate leaving group
and resultant generation of a reactive carbocati@active site template ensures a
specific trajectory of intermolecular and intrammltar carbon-carbon bond formation in

the ensuing cyclization cascade (Christianson, 2008
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Figure 4.2. Structural similarities among various terpenoidtegses define the
core class | terpenoid cyclase fold (blue). Consgémwetal binding motifs are the
aspartate-rich motifs (red) and “NSE/DTE” motifsgoge) highlighted in (&&. coliFPP
synthase (PDB code 1RQI), (@prisozizaene synthase (PDB code 3KB9), and (c) (+)-
bornyl diphosphate synthase (PDB code 1N22), wbarttains an additional N-terminal
domain (cyan). Thisi-helical domain is topologically similar to tleebarrel fold of the
class Il terpenoid cyclases, which occurs in a tidbmain architecture in the triterpene

cyclase (d) oxidosqualene cyclase (PDB code 1W6K).
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4.2 Streptomyces

Streptomyceare gram-positive, flamentous, saprophytic, seikelling bacteria.
To-date, more than 500 speciesStfeptomycelave been identified. In addition to their
central role in carbon recyclin§ireptomyceare also characterized by their complex
secondary metabolism (Challis, 2008)teptomyceare a very abundant source of
antibiotics, amazingly, over two-thirds of natuyadlerived antibiotics currently in use are
produced bystreptomycefBentley, 2002). Of the thousands of secondary buditas
that are isolated fror8treptomycemany are polyketides (ie. tetracycline) (Pickens,
2009) and aminoglycosides (ie. neomycin) (Kudo,80Bowever very few are cyclic
terpenoids. One such example of a cyclic terpersopgntalenonelactone, an antibiotic
derived from the sesquiterpene pentalenene, prdduca number otreptomyces
strains (Cane, 1994). Prior to this work, the X-caystal structure of pentalenene
synthase (Lesburg, 1997) was the only known straatfia bacterial sesquiterpene
cyclase. However, the structure of pentalenenehaget determined at 2.6 A resolution,
was is in an open, unliganded conformation, ancetbee did not provide evidence of a
conserved trinuclear metal cluster among bactsesdjuiterpene cyclases. Additional X-
ray crystal structures of bacterial terpenoid cgetaare necessary to draw conclusions
about the evolutionary relationships among theggraes. Furthermore, comparative
studies of the harmle&ireptomycegenus with other members of the Actinomycetales
order, for example disease causivigcobacterium tuberculosiguberculosis) and
Mycobacterium lepra@eprosy), may offer insight into the treatmentluése pathogens

(Bentley, 2002).
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The complete genome 8treptomyces coelicol@3(2) was sequenced in 2002,
and contained a surprisingly high 7,825 predictedeg, compared with 4,289 genes in
the Gram-negative bacteriugscherichia cotiand a predicted 31,780 in humans
(Bentley, 2002). The genome contains many genesvad in secondary metabolism
including polyketide synthases, chalcone synthasasribosomal peptide synthetases as
well as several gene clusters coding for terpenéhggis including geosmin, hopanoid,

and albaflavenone biosynthesis (Bentley, 2002).

4.3 epi-1 sozizaene

epklsozizaene is a member of a unique family of tlcysesquiterpene,
like its parent hydrocarbon, zizaene (Coates, 197Bas a highly strained ring system
including a quaternary center (Figure 4€)kIsozizaene was first observed as a natural
product from the bacterigtreptomyces coelicol@3(2), where it is formed by a novel
terpene cyclaseptrisozizaene synthase (EIZS). EIZS was first charad by Lin and
Cane (Lin, 2006), due to its 23.8% sequence idewith pentalenene synthase, a
sesquiterpene cyclase isolated frBtmeptomycesxfoliatesUC5319 Furthermore, the
EIZS protein contained the two conserved®fMginding motifs, an aspartate-rich motif
(D**DRHD) and the secondary metal binding monf{"DLCSLPKE). EIZS catalyzes

the Md*-dependant cyclization of the FPP (the linear prsmuof the sesquiterpenes).

The proposed mechanism for the cyclization of fayhdiphosphate tepk
isozizaene was elucidated by 1-D and 2-D NMR amalysthe products isolated from
the incubation of EIZS with several isotopicallpéged substrates, namely [FH.]-
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FPP, (R)-[1-?H]-FPP and (1S)-[£H]-FPP (Figure 4.4) (Lin, 2006). Recently, new
mechanistic insights into treptrisozizaene folding pathway have been provided by
computational quantum chemistry (Hong, 2009). Usiigcomputational program
GAUSSIANOS3 (Frisch, 2003) to conduct a thoroughlgsia of carbocation
intermediates and transition states from sevesgjgterpene cyclization pathways, Hong
and Tantillo suggest that the conformation of tisalbolyl cation attainable in the
enzyme active site is a primary determinate ofsthecture and stereochemistry of the
resultant sesquiterpenes. They report four uniggagoblyl cation conformers; each
proposed to be involved in formation of a specft of sesquiterpene products.
Surprisingly, outwardly related products, for exdegpiisozizaene and isozizaene, are
proposed to be formed by different conformers efliitsabolyl cation, which vary in the
orientation of the acyclic hydrocarbon chain. Hoargwome folding pathways appear to
be somewhat permissive, certain products, includpigsozizaene, can be formed via

more than one bisabolyl cation conformer.

Using an arbitrarily defined zero-energy bisabalyhformer,AQ, as a basis for
their calculations, Hong and Tantillo presardetailed theoretical cyclization scheme for
the formation okpidsozizaene, consisting of 6 cationic intermediabegjinning from
(3R)-nerolidyl diphosphate in the cisoid conformat{&ingure 4.5). The first
intermediateAl, is bisabolyl cation conformer formed by 1,6-cyation of cisoid (B)-
nerolidyl diphosphate. Th&1 conformer is in a productive conformation to urgiea
[1,2]-hydride shift between carbons 6 and 7 viagkeerior face of the acyclic chain, to
form cationic intermediatB1. Intermediatd1 is in an appropriate conformation to then
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undergo a subsequent 6,10-cyclization via attack@fC10=C1Ikt-bond on the prdr

face of the C6 cationic center for form the acoteayion,C1. Next, a
thermodynamically favorable rearrangement toGReacorenyl cation confomer
facilitates the direct conversion 62 to E1 via a concerted cyclization and alkyl shift,
circumventing the formation of a discrete secondatyon. The final intermediaté,l, is
the result of a [1,2]-methyl shift of either C12®@13, via a bridged nonclassical
carbocation transition state. The final prodegt:isozizaene is formed by direct
deprotonation oF1 at C10. Although the total calculated energy chdongéhe pathway
depends on the density functional theory methodehgthe overall rearrangement
beginning from the bisabolyl cation is consideradpthermic, and involves a minimal
number of conformational changes between stepsiaDviie theoretical study of the
epidisozizaene folding pathway is consistent with fraésented by Lin and Cane, and
offers additional insight into several steps in paghway, namely the concerted 3,11-
cyclization and C4 alkyl shift going fro@2 to E1, and the approximately equal energy
for the [1,2]-methyl shift of C12 or C13 to forR1 (Hong, 2009). This study illustrates
the utility of quantum calculations for studyinggenoid cyclase reaction coordinates.
By expanding theoretical calculations to includatdbutions from an enzyme active
site, we can continue to develop an understanditgrpenoid cyclase structure-function

relationships and work towards engineering noviéiient terpenoid cyclases.
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epi-Isozizaene Isozizaene epi-Zizaene Zizaene

Figure 4.3. The structures of zizaene sesquiterpenes.
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bisabolyl cation

epi-lsozizaene

Figure 4.4. Proposed mechanism for the formatiorepkisozizane from FPP by
EIZS. (1) lonization of FPP(2) Isomerization will give (B)-nerolidyl diphosphatg3)
Rotation about the newly generated C-2/C-3 boneigdas the correspondiogoid
(3R)-nerolidyl diphosphate conformer) lonization of (R)-nerolidyl diphosphatg5)
Cyclization to form bisabolyl catiori6) A 1,2-hydride shift(7) Spirocyclization(8)
Cyclization.(9) Ring contraction(10) Methyl migration.(11) Deprotonation to yield (+)-

eprisozizaene.
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epi-isozizaene

Figure 4.5. Proposecapidsozizaene cyclization scheme based on quantum
chemical calculations (Hong, 2009). The C12 1,2hylethift (E1 to F1 step) is
preferred over a C13 1,2-methyl shift by ~2kcal/nmaiywever both are energetically

accessible and could be affected by the activeo$itiee enzyme.
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In theStreptomyces colicolok3(2) genomeEIZS is transcriptionally coupled to
to cytochrome P450 170A1 (CYPA170 Al) (Zhao, 20@3)tochrome P450
monooxygenases belong to a superfamily of hemeagung proteins that catalyze redox
reactions. Specifically, P450 monooxygenases cagalye oxidation of organic products
using atmospheric dioxygen as the oxygen sourceekmations from NAD(P)H, and
producing a molecule of water as a side productr(frdt, 2006). CYP170A1 frois.
coelicolorcarries out a two-step allylic oxidation to corapiisozizaene to an epimeric
mixture of albaflavenols and ultimately to the sesgyrpene antibiotic albaflavenone
(Figure 4.6). Thereforepiisozizaene has been identified as an intermedaiate
albaflavenone synthesis, and is only detected atelbial extracts in CYP170A1 knockout
strains ofS. coelicolorThe final product of the two-gene cluster, albadlaone, has also
been isolated frors. albidoflavusand exhibits modest antibacterial activity agains

Bacillus subtilis(Zhao, 2008).

ElZS was chosen as a target for structure detatroimvia protein X-ray
crystallography in order to investigate the struagitehanges that occur upon the binding
of the three M§’ ions and the substrate (FPP) or substrate anapgiggering active
site closure and substrate ionization. Previoukwas indicated that the details of these
structural changes generally differ between pl&tarks, 1997; Gennadios, 2009) and
fungal (Rynkiewicz, 2001; Shishova, 2007) sesqpégae cyclases. Until now, the
mechanism of active site closure of a bacterigdroid cyclase has remained unknown

since the only available crystal structure of atéaal cyclase has been that®f
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exfoliatusUC5319 pentalenene synthase, which was deternoinigdn an open, ligand-

free conformation (Lesburg, 1997).
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Albaflavenone

(4R)-albaflavenol

Figure 4.6. Albaflavenone biosynthetic pathway$ coelicolorEIZS catalyzes the
Mg** dependent cyclization of FPP to foepiisozizaene, then CYP170A1 catalyzes a

two-step allylic oxidation to albaflavenone.
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Chapter 5: X-Ray Crystal Structure of epi-l1sozizaene Synthase from Streptomyces

coelicolor

5.1 Expression and Purification

Recombinant EIZS fror8treptomyces coelicol#3(2) was expressed at high
levels inEscherichia colBL21(DE3) and purified as previously described (12006)
with minor modifications. BrieflyE. coliBL21(DE3) carrying pET28a(+)/SC05222 was
inoculated into Luria-Bertani (LB) medium contaigikanamycin and grown overnight
at 37°C. A total of 4 L of LB/kanamycin medium was inoatdd with 5 mL of the
overnight seed culture, aid coliwas grown at 37C until the ORg reached 0.5. The
temperature was reduced to%2Dand the cells were induced with 0.2 mM isoprdpyl
D-thiogalactopyranoside (IPTG) for 18 h. Cells whagvested, resuspended in 50 mL of
Talon buffer A [50 mM sodium phosphate (pH 8.0)0 30M NacCl, 20 % glycerol and 5
mM B-mercaptoethanol (BME)], supplemented with phenyhyisulfonyl fluoride and
DNase, and sonicated for 6 min using a 40 % dutyecgnd power range 30 %. After
three cycles of sonication, the cell lysate wasfea by centrifugation at 160@0and 4
°C for 75 min. The clarified lysate was loaded 6Fedon (Clontech) C8 metal affinity
resin (5 mL), and a step gradient from 0 to 200 mfitlazole in Talon buffer was
applied to elute the enzyme. The fractions werdyaed using SDS-PAGE, and the most
concentrated fractions were pooled and appliedSaggerdex gel filtration column
(HiLoad 26/60 Superdex, GE Healthcare) equilibrame2l0 mM Tris-HCI (pH 7.5), 300
mM NacCl, 10 % glycerol, 10 mM Mgghnd 2 mM Tris(2-carboxyethyl)phosphine

(TCEP). The fractions were analyzed by SDS-PAGEthadractions containing the
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enzyme were pooled and concentrated to 8 mg/mLmeezysing a YM-10 centricon. The

resulting protein preparation was >99 % pure orbtms of SDS-PAGE.
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Figure5.1. SDS-PAGE analysis of the purification @biisozizaene synthase. (A)
Fractions from the Talon column: Molecular weigtdrkers are shown on in the right
lane, and the column flow-through is in the seclame from the right. The strong band is
due toeptisozizaene synthase (44 kDa). (B) Fractions froenSuperdex (2660) column.

Molecular weight markers are shown on in the righe.
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5.2 Crystallization

EIZS was crystallized by the sitting drop, anddiag drop vapor diffusion
methods. Protein was freshly filtered using a Qu&#filter prior to setting up drops.
Typically, a 4uL drop of protein solution [8-10 mg/mL EIZS, 20 mMis-HCI (pH 7.5),
300 mM NacCl, 10 mM MgGl 10 % glycerol, 2 mM TCEP, 2 mM sodium
pyrophosphate, 2 mM benzyltriethylammonium chlojidas added to 4L of
precipitant solution [L00 mM Bis-Tris (pH 5.5), 28-% polyethylene glycol 3350, 0.2
M (NH,4).SQy] and equilibrated against a 1 mL well reservoipgcipitant solution.
Initial crystallization conditions were identifiesing the commercially available Index
screen from Hampton Research (condition #66). @lystppeared within 2-3 days and
grew to maximal dimensions of 1Q@n x 10um x 10um. Initial crystals diffracted to
2.15 A at the home source, where the space grodiprgincell parameters were first
determined. Higher resolution data was then catbet the synchrotron. Crystals
diffracted X-rays to 1.60 A resolution at the Adead Photon Source, beamline NE-
CAT 24-ID-C (Argonne, IL), and belonged to spaceupP2; with unit cell parametera
=53.185A, b= 47.374A, c=75.376A andp = 95.53; with one monomer in the
asymmetric unit, the Matthews coefficieny ¢ 2.1 £/Da, corresponding to a solvent

content of 43 %.
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Figure5.2. Crystals ofeptisozizaene synthase.
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5.3 Structure Determination with Heavy Atoms

5.3.1 Introduction

A crystal structure can be described as the ltestefdel to a contour map of the
electron density throughout the unit cell. The etat densityp(x,y,2, can be
represented by equati®il, a periodic function represented by a Fourieresansing the

p(xy.9 = IV 3N Frige >0 5.1

structure factors; . A structure factor is a complete description diferacted X-ray.
Since an X-ray can be described as a wave, it fragjaency, amplitude, and phase. To
calculate the electron density according to equadib, and thus build a model of the
protein structure, the frequency, amplitude andspha each reflectiomkl, must be
known. When an X-ray diffracts off a protein crysthe frequency of the X-ray does not
change, therefore the frequency is equal to th#teX-ray source. The amplitude of the
diffracted X-ray is proportional td {x), the square root of the measured intensity of
reflectionhkl (Rhodes, 2000). However, the phase of the difftateay is unknown,
and is the missing piece of the crystallographyzputhat must be found to complete a

crystal structure determination.

Protein crystallographers have developed severtiiads to obtain the “lost”
phase information from the diffraction data. A veommonly used method is known as
molecular replacement (MR), when the phases ahdasi known structure are used as
the initial phase estimates for the new structines method works best when a
homologous structure is known, typically the phgsmodel has >25 % sequence identity

and an r.m.s. deviation of <2.0 A between theafoms of the model and the new
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structures (Taylor, 2003). When MR is not succdssther methods that rely upon the
incorporation of heavy atoms to the crystal latace used. When heavy atoms are
incorporated into a crystal lattice, measurablengity changes are observed in the
diffraction pattern, with respect to the nativef@i€tion pattern. Upon incorporation of

the heavy atoms, if the crystal lattices remaimisgphous, except for the presence of the
heavy atom, the isomorphous difference betweenetifection amplitudes of native and
derivative crystals can be used as an estimateedi¢avy-atom structure-factor
amplitude, which can be used to determine the iposiof the heavy-atoms. Once the
phases of the heavy atoms are known, a first appadion of the phase of the native
protein can be made. When a single heavy atomatentvis used, this method is known
as single isomorphous replacement (SIR). This nietlan be extended, when necessary,
to include information from more than one heavyratterivative, and is known as
multiple isomorphous replacement (MIR) (Taylor, 3RGSIR and MIR are typically very
effective methods for structure determination, hesven some cases the incorporation of
heavy atoms into native crystals causes unexp@ctedin conformational changes.
These conformational changes are sometime evidamtéhanges in the unit cell
parameters, however in other cases non-isomorpbkist apparent, yet critically

hampers structure solution.

In addition to their mere presence, heavy atomsadalitionally aid in structure
solution due to their ability to anomalously scaerays. Heavy atoms absorb X-rays at
specific wavelengths, known as the element’s alsorgdge, resulting in unequal
intensities between th&l and—h —k —Ireflections. The anomalous difference can be
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used to determine the location of the anomalouesaay atom in the unit cell, thus
providing phase information. Single-wavelength aatwmus diffraction (SAD), can be
advantageous since it does not require an isomagphative data set. Also, anomalous
scattering methods can be extended include mulgleagth anomalous diffraction
(MAD), where several data sets are collected frioensame crystal at different
wavelengths. Furthermore, isomorphous and anomaleargy atom methods can be
combined, for example in SIRAS (single isomorphamacement with anomalous
scattering), and MIRAS (multiple isomorphous heatwym replacment using anomalous
scattering) (Taylor, 2003). Some of the most comimeavy atoms used for phasing are
mercury, platinum, gold, and uranium. These metedsypically incorporated into the
crystal lattice by soaking preformed crystals precipitant solution supplemented with a
millimolar concentration of the metal ion, whereyttypically interact with surface
cysteine, histidine, and methionine residues (Repa@00). Selenium can also be used as
a heavy atom for phasing, and can be incorporatede protein itself by expressing
recombinant protein in media supplemented withreeteethionine (Hendrickson, 1990).
Recently, xenon has also been explored as a héanwyfar phasing. Protein crystals are
briefly pressurized with xenon gas prior to flasloling, causing xenon atoms to be
trapped in hydrophobic pockets within the proterhjch can be used for phasing (Evans,

2003).

5.3.2 Results
A number of heavy metal compounds were testedeotity a good heavy metal

derivative for phasing. These heavy metal compoimzladed thimerosal
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(CoHgHgNaQ:S), mercuric chloride (Hg@), mersalyl acid (&H1sHgNOg),
ethylmercuryl chloride (gHsHgCI), methylmercuric acetate £8sHg0O,), ytterbium
chloride (YbCI3), PIP (dit-iodobis(ethylenediamine)diplatinum (lI) nitrate)
(C4H1612N6O6Pt), dipotassium platinum hexachloride,fCk), samarium chloride
(SmCL), manganese chloride (Mngiland sodium bromide (NaBr). Additionally,

selenomethionine containing EIZS protein was exgaeésnd crystallized.

Of the many heavy metal derivatives that were itigated, two mercury
compounds were identified which were used for ss&fte phasing. Mercury derivatives
were prepared by soaking crystals in precipitafitebsupplemented with 1 mM ethyl
mercury chloride or methylmercuric acetate for da¥s, followed by flash cooling.
Diffraction data were collected at the absorptidgesof mercury (1.0548 A) on beamline
X29 at the National Synchrotron Light Source (NSL&¥yample diffraction image of a
methylmercuric acetate dervatized EIZS crystahms in Figure 5.3. Complete data
sets of ethylmercury chloride, and methylmercudetate derivatized EIZS crystals were
collected. Crystals diffracted X-rays to 1.90 A &ntl0 A, respectively and belonged to
space grou2; with unit cell parameteris Table 5.1; data reduction was achieved with

Denzo and Scalepack (Otwinowski, 1997), derivatiata sets were scaled anomalously.
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2254

Figure 5.3. Diffraction pattern of methylmercuric acetate datized EIZS
crystals, collected at beamline X29, National Syatrion Light Source. The crystal

diffracted to 2.1 A resolution.
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Table5.1. Data collection statistics for native and mercueyvihtized EIZS

crystals. The space group of all crystalB2s.

EIZS Structure Native EthylmercuryMethylmercuric
chloride acetate
Data
Wavelength, A 1.0080 1.0548 1.075
Resolution, A 1.60 1.90 2.10
Completeness*, % 92.9 (100Q) 99.4 (98.6) 99.6 (97.8)
Redundancy* 3.6 (3.6) 5.8 (5.1) 3.5 (3.0)
Rsym*T 0.058 0.075 (0.325) 0.108 (0.390)
(0.208)
I/ 34 (8.3) 18 (4.4) 10 (2.7)
Unit Cell Parameters
a, A 53.185 51.693 52.931
b, A 47.374 46.549 46.462
c, A 75.376 75.551 75.689
B, ©) 95.53 92.338 94.992

*Values in parentheses refer to the highest shell
"Reym=2|1n - <Ip>[/Z1y, where 4> is the average intensity over symmetry equivalent

refections.
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Difference Patterson maps generated with anomalcattering data revealed
large peaks corresponding to mercury. Initial afiento solve the crystal structure using
single or multiple isomorphous replacement weresngtessful due to apparent non-
isomorphism between the native and mercury-deredtcrystals. The program
autoSHARP (Vonrhein, 2007) was ultimately usedstoucture determination.
AutoSHARRP is an automated structure solution pnogbailt around the phasing
program SHARP (Bricogne, 2003), the density modtfan program SOLOMON
(Abrahams, 1996), and the ARP/WARP package (Larg§£)8) for automated model
building and refinement using REFMAC (Skubak, 2004je following data is required
to begin an autoSHARP run, the type of heavy atogsgnt in the crystal, the number of
expected heavy atom sites, the space group andematie of data collection. The file
format of the reflection data input can be eithéfavor SCALEPACK. Additionally, the
contents of the asymmetric can be input as a m@eareight, number of residues or the

amino acid sequence, the later enables automatdairmiof the structure.

The initial electron density map was phased bglsiwvavelength anomalous
dispersion (SAD) of with the 1.90 A data set of ¢tleylmercury chloride derivative
using autoSHARP. Four mercury sites were identjfaad the phase correlation
coefficient calculated by autoSHARP for this dagtsas 0.466, with anomalous phasing
power 0.447. Following density modification andauatic building, approximately 50%
of the protein residues were built into the electdensity map. At this point, the
molecular model of EIZS was refined against th® RGesolution data set collected
from the native crystal instead of the mercurywiive. Molecular replacement using
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the partially built model was achieved with PHASESRoroni, 2004). Iterative cycles of
refinement and manual model building using CNS (igar, 2007), O (Jones, 1991),
COOT (Emsely, 2004), and PHENIX (Adams, 2002) aéldvior the assembly of the
complete protein model. Individual atomic B-factarsre utilized during refinement.
Buffer molecules, ions, water, glycerol, the bertegthylammonium cation (BTAC),

PR, and a sulfate ion (hydrogen bonded to R163, HR220 and R226) were included
in later cycles of refinement. Data reduction agithement statistics are recorded in
Table 5.2. A total of 340 of 381 residues (A16-NB&te present in the final model, as
the N- and C- termini are disordered. Accordinght program PROCHECK

(Laskowski, 1993), 95 % of the residues were |latateghe most favorable regions of the

Ramachandran plot, and no residues are in disaloegions (Figure 5.4).

In order to investigate the mercury binding s@éghe ethyl mercury chloride
derivatized crystals used for structure determimatiefinement of the 1.90 A-resolution
structure was completed. Four mercury binding sitee identified by strong peaks in a
Bijvoet difference Fourier map adjacent to C68, 21243 and C283. Iterative cycles
of refinement and manual model building were adkiewith PHENIX and COOT,
respectively. lons and water molecules were inaduddater cycles of refinement.
Individual atomic B-factors were utilized, and tinercury, chloride and sulfur atoms
were refined anisotropically. Data reduction anftheenent statistics are recorded in
Table 5.2. A total of 323 of 381 residues are presethe final model, as there was no

interpretable density for the A251-L267 loop ashaslthe N- and C- termini.
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~b

Psi (degrees)

~b

Phi (degrees)

Plot statistics

Residues in most favoured regions [A,B.L]| 287 95.0%
Residues in additional allowed regions [ab,l,p] 15 5.0%

Residues in generously allowed regions [~a,~b,~l,~p] 0 0.0%

Residues in disallowed regions 0 0.0%

Number of non-glycine and non-proline residues 30 100.0%
Number of end-residues {excl. Gly and Pro) 2

Number of glycine residues (shown as triangles) 19

Number of proline residues 17

Total number of residues 340

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 209, a good quality model would be expected
10 have over 90% in the most favoured regions.

Figure 5.4. Ramachandran plot of the refined EIZS4AgPR-BTAC structure.
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Table5.2. Refinement Statistics for wild-type EIZS complexes

Mg”'s-PR- | Hg™
EIZS Structure: BTAC complex
complex
Data
Wavelength, A 1.0080 1.0548
Resolution, A 40-1.60] 50 -1.9¢
Unique reflections 46,113 28,446
Completeness*, % 92.9 (100) 99.4 (98
Redundancy* 3.6 (3.6) 5.1(5.1
Reyni* ' 0.058 0.075
(0.208) (0.325)
Refinement
Rcryisfree:F 0.158/ 0.169/
0.189 0.202
r.m.s.d. bonds, A 0.012 0.005
r.m.s.d. angle$, 1.4 0.8
r.m.s.d. dihedral 21 15
angles;
No. of atoms
Protein atoms 2858 2512
Solvent atoms 431 335
Ligand atoms 55 13
Ramachandran plot
Allowed, % 94.7 95.2
Additionally 5.3 4.8
allowed, %

*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|/2|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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5.4 Structure of E1ZS-Mg?*-PP-BTAC Complex

At 1.60 A resolution, the crystal structure of th@mplex is the highest resolution
structure of any terpenoid cyclase determined te (Faron, 2010). EIZS adopts the
class | terpenoid synthaeehelical fold and consists of a bundle ofdMelices,
designated A-J (Figure 5.5), in which the 20 A-deetive site is defined mainly by
helices C, D, G, H, and J. Among the terpenoidases of known structure, EIZS is
structurally most similar to pentalenene synthase.§. deviation = 3.3 A for 304¢C
atoms). EIZS crystallizes as a monomer, consistghtdynamic light scattering

measurements indicating that the protein is a m@noamsolution (Figure 5.6).

The electron density map clearly reveals 3Mgns, PR and a BTAC molecule
bound in the active site (Figure 5.7 (a)). The sidain of D99 in the aspartate-rich motif
D*DRHD® coordinates to Mga and Md*c with syn,syrbidentate geometry, while
Mg®'gis chelated by the “NSE” motf**°DLCSLPKE?**®(boldface indicates Mg
ligands). Each MY ion is coordinated with octahedral geometry, witinprotein
coordination sites occupied by the oxygen atonBRand by water molecules. The;PP
anion also accepts hydrogen bonds from the sida<lb&dR194, K247, R338, and Y339
(Figure 5.7 (b)). Itis likely that similar metabardination and hydrogen bond
interactions are normally formed with the diphodphgroup of the substrate FPP in the
precatalytic Michaelis complex. These interactistabilize the closed active site
conformation that sequesters FPP from bulk solaadttriggers ionization to initiate the

electrophilic cyclization cascade.
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Figure5.5. (a) Ribbon plot of the EIZS-Mds-PR-BTAC complex showing the
aspartate-rich motif (red) and the NSE motif (o&@nftanking the mouth of the active
site. The M§" ions are shown as magenta spheresa®PBTAC molecules are color
coded by atom [carbon (yellow), nitrogen (blue)ygen (red), and phosphate (orange)].
Helices are labeled according to the conventiast éstablished for FPP synthase
(Tarshis, 1994). (b) The quaternary ammonium guiupe benzyltriethylammonium

cation (BTAC) serves as a mimic of a carbocatidarmediate in catalysis.
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Figure5.6. Particle size distribution of EIZS sample, measurngdynamic light
scattering. Results indicated a monomeric sampth,am average particle radius of 3

nm.
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Crystals of EIZS form upon addition of BTAC (Figus.5 (b)), commonly used
in synthetic organic chemistry as a phase tramst@lyst. As a hydrophobic cation,
BTAC mimics the bisabolyl carbocation intermedipteposed for the EIZS-catalyzed
cyclization mechanism (Lin, 2006). The positivehacged quaternary ammonium group
of BTAC appears to be stabilized by long-rangetebstatic interactions with the PP
anion (the shortest N---O separation is 4.1 A)val as cationz interactions with the
aromatic side chains of F95, F96 and F198 (N---cegtroid separations range 4.7 — 5.4
A) (Figure 5.6 (a)). Such catianinteractions are proposed to play a critical inle
stabilizing the highly reactive carbocation intethates found in all enzyme-catalyzed
terpenoid cyclizations (Jenson, 1997; Lesburg, 188%, 1997). The binding of BTAC in
the active site of EIZS demonstrates that the batterpenoid cylase active site can
accommodate and stabilize a positively chargeahtigasembling the positively charged
carbocation intermediates of the normal cyclizataeacade. Although determined at a
much lower resolution of 2.85 A, the recently repdrstructure of the trichodiene
synthase-M@'s-PR-BTAC complex provides an example of the stabilaabf

positively charged ligands in the active site dfimgal terpenoid cyclase (Vedula, 2007).

5.5 Structure of E1ZS-Hg?", Complex

To date, we have been unable to prepare crystaldatype EIZS in a
completely ligand-free state, since the additivé&\8 and PPrequired for
crystallization are not readily dialyzed out of drgstals. However, soaking crystals of

the EIZS-Md*s-PR-BTAC complex with ethyl mercury chloride displace®g’* ions,
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PR, and BTAC to yield the 1.90 A resolution structofehe EIZS-H§', complex in
which all Hf" ions bind remotely from the active site (Figur@ &)). In this complex,
Hg?* is coordinated by C68, Hi is coordinated by C283 (the electron density ig bes
interpreted as 2 alternate positions)?Hgs coordinated by C243, and Hgis
coordinated by C213 (2 alternate positions). Sampgly, however, the now ligand-free
active site is not open and empty, as it is irotiker ligand-free terpenoid cyclase
structures. Instead, helix G, which forms one siffhe active site (and contains R194, a
residue that donates a hydrogen bond tarPte ligand-bound structure), bends by
~110 to occupy the location formerly occupied by ¥gPPR (Figure 5.8 (c)).
Additionally, helix D moves ~1.5 A outward, helixrbves ~4 A outward, while helix H,
which was bent in the ligand-bound structure tdoé&1g*'s chelation by the NSE
motif, becomes straight and also moves outward (Figuréch.8The positions and
conformations of helices C, E, and F remain esaiyntinchanged, and there is no
interpretable electron density for helix | or thep (A251-L267) connecting it to helices
H and J. Salt bridges between helix G and helicesidF stabilize the closed ligand-free
structure: R194 makes a salt-bridge with E175 h€Jiand R195 makes a salt bridge
with D103 (helix D) (Figure 5.8 (c)). Although theesesidues are found in pentalenene
synthase as R173, F174, D84 and E152, a compariakled ligand-free conformation
was not observed by Lesburg and colleagues (Leshfy). Although the EIZS-Hg,
structure illustrates a unique terpenoid cyclasecsire, the role of the Hgions in
dislodging the M§'s-PR-BTAC complex to result in the closed ligand-fremformation

of EIZS is unclear. However, this structure doesappear to be biologically relevant, as

84



this structural transition would result in an inaetenzyme and does not likely reflect the

state of the wild type enzyme in the absence o$tsate.
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Figure5.7. Active site of EIZS-M§'s-PR-BTAC complex. (a) Simulated
annealing omits maps (black) of the, @Rion, Md* ions, and BTAC, contoured at5
Note the catiore interactions between the positively charged quatgrammonium
group of BTAC and the aromatic rings of F95, FOf &A98 (red dashed lines). (b)

Metal coordination interactions (black dashed Iyreeed hydrogen bond interactions (red

dashed lines) in the EIZS-Mg-PR complex.
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Figure 5.8. Structural changes between EIZS #gPR-BTAC and HG",
Complexes. (a) Ribbon diagram of EIZS#igcomplex. Anomalous Fourier map (black)
contoured to @, indicates the location of Hg atoms (red sphe(&3)Superposition of
ribbon plots of EIZS-M{'s-PR-BTAC (green) and EIZS-Hd, (cyan; Hg" ions appear

as red spheres). Helices D, G, H and J, which guodire largest changes, are labeled. (c)
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Salt bridges (black dashes) between helix G anddseD and F stabilize the closed
ligand-free structure.
Chapter 6: X-ray Crystal Structure of D99N epi-| sozizaene Synthase and

Implicationsfor Substrate Recognition

6.1 Introduction

Interestingly, the detailed structural changes tlcaur between open and closed
active site conformations differ between fungal alaht terpenoid cyclases. For
example, the r.m.s. deviation between ligand-freg Mg *s-PR—complexed trichodiene
synthase fronfr. sporotrichioideds 1.4 A (Rynkiewicz, 2001), whereas that of barny
diphosphate synthase fra®n officinalis(culinary sageljs only 0.6 A for the catalytic
domain (Whittington, 2002). Until now, it had natdn possible to study the structural
changes between the open and closed active siteromations of bacterial terpenoid
cyclases because pentalenene synthase had beenideteonly in the ligand-free state
(Lesburg, 1997). Since the residues that interéttt Mg®* ions or PPin epiisozizaene
synthase (EIZS) are conserved in pentalenene satbaperposition of the closed,
ligand-bound structure of EIZS with ligand-free fanene synthase enables an
approximated comparison of the open-to-closed strattransition in bacterial terpenoid
cyclases. Alignment of the two structures revealsrg similar alignment of the metal
binding motifs, with pentalenene synthase helicé&Bpartate-rich” motif) and H
(“NSE” motif) being 1.5 A further apart than in E3ZWe hypothesize that upon binding
of Mg®*; and substrate or PRhe active site of pentalenene synthase undeayobange
to a closed conformation comparable to that obsefwethe EI1ZS-M§*s-PR-BTAC
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complex. To further explore structural changesiltes from the dissociation of M-
PR-BTAC from the active site of EIZS, we attemptedigiermine the structure of EIZS
in the absence of Mgand PR however we were unable to obtain crystals oMfe
enzyme without M§, PR and BTAC. Furthermore, we were not able to remuiee,

soaking, MG"-PR-BTAC from crystals of the EIZS-M&PR-BTAC complex.

Therefore, an alternative approach was taken tesityate the open structure of
EIZS. The D99N amino acid substitution severelyreases catalytic efficiency (Lin,
2009) by compromising thgyn,syrbidentate coordination of M and Md ¢ (Figure
5.7). Thus this single-site mutant enables thecgiral study of an unliganded

conformation of EIZS.

6.2. Experimental Methods

6.2.1 Site-Directed Mutagenesis, Expression andfiation

The D99N single site-specific mutation was introgliinto the EIZS wild-type
plasmid using primers 1 and 2 as follows (loweredasters represent the mutant codon
introduced): primer 1, 5GGT TCT TCG TCT GGa acG@GTC ACG AC-3', primer
2,5-GTC GTG ACG GTC gtt CCA GAC GAA GAA CC-3'. Ehoptimal reaction
mixture for PCR amplification of the insert was Iiof each forward and reverse
primer, 3uL of 10 mM dNTP mix, 100 ng plasmid, & of Pfuturbo polymerase buffer,
and 1 unit ofPfuturbo polymerase diluted with water to a final vokeiof 50uL.
Optimal PCR conditions required initial denaturataf the reaction mixture at 9& for

5 min, addition of polymerase followed by thirtyobss (1 min denaturation at 96, 1
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min annealing at 60C, 8 min extension at 7Z), and a final 10 min extension at @2
followed by a final hold at 4C. OneuL of Dpnl was added to the PCR mixture and
incubated at 37C for 1 h to digest the template. PCR products waresformed into
XL1-Blue cells for DNA isolation and sequencingNR was purified (Qiagen mini-prep
kit) from cultures from single colonies, and DNAgsencing (DNA Sequencing Facility,
University of Pennsylvania) confirmed incorporatimithe mutation. Mutant proteins
were expressed and purified using the same proes@srdescribed for the wild-type

enzyme (Section 5.1).

6.2.2 Crystallization and Structure Determination

The D99N EIZS mutant was crystallized by the haggirop vapor diffusion
method. Crystals formed with a precipitant solutama slightly higher pH than the wild
type crystals [L00 mM Bis-Tris (pH 6.0), 25-28% yethylene glycol 3350, 0.2 M
(NH4)2SQy], and were improved by successive rounds of mstreak seeding using
D99N crystals as the seed stock. Crystals diffchtiel .9 A resolution at APS beamline
NE-CAT 24-1D-C and belonged to space gr&32;2; with unit cell parameters =
41.144A, b= 81.952A, c = 106.693A. The Matthew’s coefficient\(y) of 2.04 K/Da,
and solvent content of 40 % suggest the presenoeeoimonomer per asymmetric unit.
Molecular replacement calculations were performétd RHASER (Storoni, 2004) using
the atomic coordinates of native EIZS (less ligand solvent atoms) as a search probe.
Iterative cycles of refinement and manual modeldag were achieved with PHENIX
(Adams, 2002) and COOT (Emsely, 2004), respectiv&lyfate and water molecules

were included in later cycles of refinement. Indival atomic B-factors were utilized.
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Data reduction and refinement statistics are resmbid Table 6.1. A total of 316 of 381
residues (P18-E335) are present in the final m@deihe N- and C- termini are

disordered.
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Table6.1. Data Collection and Refinement Statistics for DIOIXS.

DI99N
EIZS Structure: (ligand-free)
Data
Wavelength, A 0.9795
Resolution, A 50 — 1.90
Unique reflections 28,694
Completeness*, % 97.6 (95.6)
Redundancy* 3.3(3.0)
Royni* ' 0.089 (0.634)
Refinement
Rerys/Riree’ 0.162 / 0.207
r.m.s.d. bonds, A 0.009
r.m.s.d. angle$, 1.1
r.m.s.d. dihedral angle’ 16
No. of atoms
Protein atoms 2638
Solvent atoms 316
Ligand atoms 5
Ramachandran plot
Allowed, % 94.4
Additionally allowed, % 5.6

*Values in parentheses refer to the highest shell
"Reym=2|1n - <Ip>[/Z1y, where 4> is the average intensity over symmetry equivalent
refections.

*Reryst= 2| Fobd - Feaid| /X |Fond, Where summation is over the data used for nefers.
Riree Was calculated as for.f: by using 5% of the data that was excluded from
refinement.
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6.3. Structure of D99N EIZS and I mplications for Substrate Recognition

Unexpectedly, D99N EIZS crystallizes in a uniquekiag arrangement with
respect to wild-type EIZS, resulting in a differapiace group and unit cell parameters.
Both crystal forms contain one monomer per asymmeatrt, however wild-type EIZS
crystallized in space growg2;, with two monomers in the unit cell (Figure 6.))(a
whereas D99N EIZS crystallized in space gr&@g2;2;, with four equivalent monomer

positions in the unit cell (Figure 6.1. (b)).

In the closed, ligand-bound conformation of EIZ$ydhe first aspartate of the
D*DRHD motif coordinates to Mg and Md¢; substitution of a neutral asparagine
residue for the negatively-charged aspartate resatiposition 99 is sufficient to disrupt
the assembly and stability of the trinuclear mebaster required for substrate recognition
and activation. The crystal structure of D99N EI28eals the complete absence of
Mg**s-PR-BTAC in the active site. Moreover, the active sifeD99N EIZS adopts an
open conformation (Figure 6.2) without any confotiovaal changes of helix G.
Therefore, we conclude that the conformational gkasf helix G shown in Figure 5.8 is

somehow caused by Bgpinding and is not biologically relevant.

Comparison of EIZS-M{s-PR-BTAC and D99N EIZS structures enables a
structural understanding of the molecular recognitf substrate by EIZS, and the
ensuing structural changes that result in closingeactive site upon binding of
substrate and Mg ions. The crystal structures are particularly infative in that they
reveal two biologically relevant active site comf@tions: a closed, ligand-bound
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conformation and an open, ligand-free conformatiespectively. Alignment of the two
structures reveals ligand-induced conformationahges of helix H and loop H-1, as
well as the J-K loop (which is completely disordene D99N EIZS). The overall r.m.s.
deviation between wild-type and D99N EIZS strucstige1.6 A for 318 @ atoms. The
D99N EIZS structure suggests that in the absen&8Rpbr a PRcontaining substrate,

the C-terminal residues, beginning at E335, becdismdered, which results in an open
active site. Upon Mg and PR(or PR-containing substrate) binding, the C-terminus
becomes ordered and closes the active site ankidblbe solvent from entering the active
site. Corresponding structural changes generalgrapany active site closure in fungal
(Shishova, 2008) and plant (Whittington, 2002) éexqud cyclases. The template for FPP
cyclization is fully formed in the closed activéesconformation of EIZS as well as all

other class | terpenoid cyclases.
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Figure6.1. (@) The unit cell of EIZS-Ms-PR-BTAC crystals viewed along the b axis.
The crystals belong to space grd®fa, the asymmetric unit is a monomer, and the two

positions are related in the unit cell by a screws along b.
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Figure6.1. (b) The unit cell of D99N EIZS crystals viewed mdpthe a axis. The
crystals belong to space groBp;2,2;, the asymmetric unit is a monomer. There are four

equivalent positions in the unit cell, which possssthree perpendicular twofold screw

axes.
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Figure 6.2. A stereoview of a superposition of the structuregIZS-Mg**s-PR-
BTAC complex (green) and D99N EIZS (purple), ilaging the structural changes in

helix H and the Hx-1 and J-K loops that accompany active site closure
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The newly determined open and closed structur&l4f enable a comparison of
substrate recognition and active site closure asidmacterial, fungal and plant terpenoid
cyclases. Although the first and third aspartasediees in the aspartate-rich metal
binding motif coordinate to Mda and Md ¢ in the plant terpenoid cyclases containing a
complete trinuclear metal cluster such as (+)-bldiphosphate synthase (Figure 6.3 (c))
(Whittington, 2002), limonene synthase (Hyatt, 20@nd (+)é-cadinene synthase
(Gennadios, 2009), only the first aspartate residulbe aspartate-rich motif coordinates
to Mg**a and Md*c in Mg**s-PR complexes with the fungal cyclases trichodiene
synthase (Rynkiewicz, 2001) and aristolochene s\g#lfFigure 6.3 (b)) (Shishova,
2007). EIZS is similar to the fungal cyclases iattbnly D99 coordinates to N, and
Mg**c. A critical role for D99 in metal complexationrsflected in the dramatic losses of
catalytic activity measured for the D99N and D99&tants (Lin, 2009). Although D100
of EIZS does not directly interact with the Mdons or PP it does accept a hydrogen
bond from R338, which also donates a hydrogen bomR (Figure 6.3 (a)). Site-
directed mutagenesis reveals that the D100N mubintost >95 % activity compared to
the native enzyme (Lin, 2009), suggesting thadh®0N mutation disrupts the D100-
R338-PRhydrogen bond network. In aristolochene synthdmesecond aspartate in the
aspartate-rich motif, D91, similarly stabilizesyallogen bond network with R314 and
PR (Shishova, 2007). Surprisingly, in (+)-bornyl dggphate synthase, the second
aspartate, D352, is involved in a hydrogen bondvast with R314 and BRPWhittington,
2002), illustrating the importance of the arginresidue in stabilizing the closed
conformation. Furthermore, a second conserved iagnesidue makes a hydrogen bond

to the opposite end of the diphosphate moiety, RA®IZS, R175 in aristolochene
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synthase and R493 in (+)-bornyl disphosphate sgethguggesting that the bacterial,
fungal, and plant cyclases share the same molestnédegy for linking the molecular
recognition of the substrate diphosphate group thighmechanism of active site closure.
Two additional PPcoordinating interactions are conserved amonga§Eind
aristolochene synthase; K247 and Y339 in EIZS dorabonds to diphosphate oxygen
atoms and are conserved as K226 and Y315 in aridtehe synthase. A higher degree of
conservation amongst active site residues sugbastsrial and fungal terpenoid cyclases

derive from a more recent common ancestor thart pdgpenoid cyclases.
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Figure 6.3. Conservation of M{js-PR and -diphosphate binding motifs among
bacterial and fungal terpenoid cyclases. Metal dimation (black) and hydrogen bond
(red) interactions with phosphate(s) are indicafa§l.Bacterial sesquiterpene cycld&se
coelicolor epiisozizaene synthase-¥g-PR complex (PDB code 3KB9); (b) Fungal
sesquiterpene cyclage terreusaristolochene synthase-KigPR complex (PDB code
20A6); (c) Plant monoterpene cyclaSe officinalis (+)-bornyl diphosphate synthase-
Mg**s-PR complex (PDB code 1N22; metal ions are labellezbeting to the convention

first established for trichodiene synthase).
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Chapter 7: Structural and Biochemical Studiesof the Active Siteof EIZS

7.1 Introduction

In general, the permissiveness and promiscuitgmienoid cyclases vary, both in
terms of the substrates they accept and the pr@jubey generate. These properties are
dictated by the three-dimensional contour of tHy fiormed template in the closed
active site conformation. Many terpenoid cyclasesh asA. terreusaristolochene
synthase (Felicetti, 2004), are high-fidelity cyda that generate one product
exclusively. However other cyclases, such as Eti¢8erate one major product and
minor quantities of one or more alternative produbtetailed gas chromatography-mass
spectrometry (GC-MS) analysis of the organic prasititat result from incubation of
WT EIZS with FPP reveal the promiscuity of the Ei&fplate. Specifically, 79 % of
the total sesquiterpene product mixturepsisozizaene, and the remaining 21 % is
identified as a mixture di-farnesene (5 %), sesquisabinene-A (3 %), ziza@fe)(o-
cedrene (2 %), sesquiphellandrene (1 %), and 2 &b ohidentified sesquiterpene (Lin,
2009). The structural basis for such mechanistenpscuity is presumably rooted in how
well the active site contour enforces the corregiachemistry and stereochemistry for
cyclization and eventual quenching of the carbocaitntermediates by chaperoning the
conformations of reactive intermediates. Intrigiynghe conformations and orientations
of such intermediates may not reflect the origowiformation and orientation of the
substrate if the template is somewhat permissian{;12009). A more permissive
template allows alternative premature quenchingmnepathway intermediates or off-

pathway conformations that lead to the formatioalwérrant products.
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Manipulation of the cyclization template by siteadited mutagenesis can redirect
the biosynthetic trajectory of a terpenoid cycladas result can be achieved by
modification of active site contour residues (Y dsimi, 2006) or of residues that are
more distant from the active site (O’Maille, 2008jith EIZS, two different strategies
have been employed to manipulate the cyclizatiomptate: mutagenesis of metal-
binding motif residues, and residues that directlgtribute to forming the unique active-

site contour.

Mutagenesis of the conserved #Mdinding domains severely compromises
catalytic efficiency. Single-site metal-binding nfiehutants D99E, D100N, N240D,
S244A, and E248D all retain less than 5% of WTvdgtihowever GC-MS analysis of
their respective organic products indicates thes®ations have only a modest effect on
the cyclization template, resulting in slightlyeakd relative proportions eprisozizaene
and alternate sesquiterpene side-products. Sgabyjfieprisozizaene accounts for 62 to
91 % of the relative sesquiterpene products ofetimestants, and only one additional
sesquiterpene side product is identifieeheocallitropsene (3 % D99E, 3 % N240 D, <1
% E248D), thus the fidelity adpiisozizaene biosynthesis is not significantly
compromised. Indeed, certain amino acid substitstiovolving the M§'-binding
residues, such as D100N, N240D, S244A, and E248Daky lead to increased
proportions okeptisozizaene and lower levels of the alternativegsisrpene products,

although with significantly decreased overall cgialefficiency (Lin, 2009).
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It is hypothesized that the structural and stereotbal diversity achieved by the
terpenoid cyclases is the result of an enzyme asiite that merely chaperones a multi-
step interamolecular cyclization cascade. As sadhrpenoid cyclase active site is
primarily lined with hydrophobic and aromatic rasés, which serve to guide the
cyclization cascade by assisting in the stabilmatf carbocation intermediates
(Christianson, 2008). Aromatic residues are abkdbilize carbocation intermediates
via charge-quadrupole (catiat)interactions. The active site of EIZS has several
aromatic residues, namely F95, F96, F198, W2032H3333, and W325. As a first step
in exploring the importance of active site aromagisidues for catalysis and product
diversity in EIZS, we have prepared the F96A, F198#d W203F mutants. These
residues were selected for mutation based on pheximity to the BTAC cation that was
observed to coordinate in the active site of the VAS-M¢-PR-BTAC complex
presented in Chapter 5 (Figure 5.6). Furthermbeetfect of mutating aliphatic residues
in the active site was also explored. Specificall, A236 and V329 were chosen for
investigation, and each site was selectively mdtaaenvestigate the following single-
site EIZS mutants: L72V, L721, A236G, A236V, V32%hd V329L to explore the
effects of subtle changes to the active site cartatenzyme activity and product

distribution.

7.2 Experimental Methods
7.2.1 Site-Directed Mutagenesis, Expression andfieation
The following EIZS single-site mutants were invgated: FO6A, F198A,

W203A, W203F, L72V, L72l, A236G, A236V, V329A and¥9L. Single site-specific
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mutations were introduced into the EIZS wild-typasmid using forward and reverse
primers for each respective mutant (Table 7.1). gjptenal reaction mixture for PCR
amplification of the insert was 100 ng of each fardvand reverse primer & of 10

mM dNTP mix, 100 ng plasmid, o of Pfuturbo polymerase buffer, and 1 unitRfiu
turbo polymerase diluted with water to a final vakl of 50uL. Optimal PCR conditions
required initial denaturation of the reaction mgtat 95°C for 5 min, addition of
polymerase followed by thirty cycles (1 min denation at 95°C, 1 min annealing at 60
°C, 8 min extension at 7X), and a final 10 min extension at 22 followed by a final
hold at 4°C. OneulL of Dpnl was added to the PCR mixture and incubate37°C for 1
h to digest the template. PCR products were tramsfd into XL1-Blue cells for DNA
isolation and sequencing. DNA was purified (Qiag&ni-prep kit) from cultures from
single colonies, and DNA sequencing (DNA Sequené&iaglity, University of
Pennsylvania) confirmed incorporation of the matagi Mutant proteins were expressed
and purified using the same procedures as desdapélde wild-type enzyme (Section
5.1). The W203A mutant expressed poorly, and caotde successfully purified,
therefore a more conservative W203F mutant wasstigeted. The L721, A236V and
V329L EIZS mutants did not express as well as ttesipective counterparts L72V,

A236G and V329A, and were not investigated further.
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Table7.1. EIZS mutagenic primer sequences. Lower case letpresent the

mutant codon introduced.

Protein Primers

Forward | 5-CTA CAG CGC GTG GTT Cgc aGT CTG GGA CGA CCG TC-3

FO6A Reverse | 5-GAC GGT CGT CCC AGA Ctg cGA ACC ACG CGC TGT AG-3

Forward | 5-GAA CTG CGC CGG CTC ACG gca GCG CAC TGG ATC TGG-AC

F198A | Reverse | 5-GTC CAG ATC CAG TGC GCt gcC GTG AGC CGG CGC AGT BC-

Forward | 5-GTT CGC GCA CTG CAT Cgc aAC CGA CCT GCT GGA G-3

W203A [ Reverse | 5-CTC CAG CAG GTC GGT tgc CAT CCA GTG CGC GAA C-3’

Forward | 5-GTT CGC GCA CTG GAT Cit tAC CGA CCT GCT GG-3

W203F | Reverse | 5-GCT CCA GCA GGT CGG Taa aGA TCC AGT GCG CG-3

Forward | 5-CTG TGC TAC ACG GAC att ATG GCG GGC TAC TAC C-3’

L72I Reverse | 5-GGT AGT AGC CCG CCA TaatGT CCG TGT AGC ACA G-3'

Forward | 5-CTG TGC TAC ACG GAC gtg ATG GCG GGC TAC TAC-3’

L72V | Reverse | 5-GTA GTA GCC CGC CAT cac GTC CGT GTA GCA CAG-3’

Forward | 5-GTC AGG AAT TCg gcG CCT GGT ACA AC-3’

A236G [Reverse | 5-GTT GTA CCA GGC gcc GAA TTC CTG AC-3'

Forward | 5-GAG TCA GGA ATT Cgt gGC CTG GTA CAA CGA C-3'

A236V [Reverse | 5-GTC GTT GTA CCA GGC cac GAA TTC CTG ACT C-3'

Forward | 5-CTG GTT CAG TTC Cgc gTA CTG GTT CCA CC-3’

V329A | Reverse | 5-GGT GGA ACC AGT Acg cGG AAC TGA ACC AG-3’

Forward | 5-GAA CTG GTT CAG TTC CctgTA CTG GTT CCA CCA CG-3’

V329L Reverse | 5-CGT GGT GGA ACC AGT Aca gGG AAC TGA ACC AGT TC-3
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7.2.2 Crystallization and Structure DeterminatidredZS active site mutants

7.2.2.1 F198A EIZS-M&:-PP-BTAC complex.

The F198A EIZS mutant was crystallized by the hagglrop vapor diffusion
method with the same conditions used to crystatheewild-type enzyme, but with
successive rounds of micro-streak seeding usingenatystals as the seed stock.
Crystals diffracted to 1.64 A resolution at NSLSwmdine X29 and belonged to space
groupP2; with unit cell parameters = 53.241A, b= 47.179A, ¢ = 75.568A andp =
95.57. Molecular replacement calculations were performvitt PHASER (Storoni,
2004) using the atomic coordinates of native EIl&Sg ligands and solvent atoms) as a
search probe. The electron density clearly reveled198A mutation. Iterative cycles
of refinement and manual model building were acthméth PHENIX and COOT,
respectively. lons, RPBTAC, and water molecules were included in latgles of
refinement. Individual atomic B-factors were udz Data collection and refinement

statistics for the F198A EIZS-M&-PR-BTAC complex are listed in Table 7.2.

7.2.2.2 L72V EIZS-Mds-PP-BTAC complex.

The L72V EIZS mutant was crystallized by the hagginop vapor diffusion
method with the same conditions used to crystatheewild-type enzyme. Crystals
diffracted to 2.10 A resolution at NSLS beamline9%hd belonged to space grdedy
with unit cell parametera = 52.977A, b = 47.236A, ¢ = 75.084A andp = 95.66.
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 L72V rioita Iterative cycles of refinement
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and manual model building were achived with PHEMN COOT, respectively. lons,
PR, BTAC, and water molecules were included in latgles of refinement. Individual
atomic B-factors were utilized. Data collection aertinement statistics for the L72V

EIZS-M92+3-PR-BTAC complex are listed in Table 7.2.

7.2.2.3 A236G EIZS-M&:-PP-BTAC complex.

The A236G EIZS mutant was crystallized by the haggirop vapor diffusion
method with the same conditions used to crystatheewild-type enzyme. Crystals
diffracted to 1.76 A resolution at APS beamline BET-ID-C and belonged to space
groupP2; with unit cell parameters = 53.137A, b= 47.220A, ¢ = 75.211A andp =
95.5%. Molecular replacement calculations were performigti PHASER (Storoni,
2004) using the atomic coordinates of native EIl&Sg ligands and solvent atoms) as a
search probe. The electron density clearly reveiled\236G mutation. Iterative cycles
of refinement and manual model building were acthméth PHENIX and COOT,
respectively. lons, RPBTAC, and water molecules were included in latgles of
refinement. Individual atomic B-factors were udz Data collection and refinement

statistics for the A236G EI1ZS-Mé-PR-BTAC complex are listed in Table 7.2.

7.2.2.4 V329A EIZS-M@-PH-BTAC complex.
The V329A EIZS mutant was crystallized by the haggirop vapor diffusion
method with the same conditions used to crystatheewild-type enzyme. Crystals
diffracted to 1.95 A resolution at NSLS beamline9%hd belonged to space grdedy

with unit cell parametera = 53.214A, b = 47.485A, ¢ = 75.283A andp = 95.50.
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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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Figure 7.2. Initial rate versus substrate concentration forrdaetion of aliphatic

mutant EIZS with FPP. (a) L72V EIZS. (b) A236G EIZE) V329A 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), -
acoradiengb), Z-a-bisabolend6), Sesquiphellandren(@), Z-y-bisaboleng8). (a) FO6A
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 (%)
Q
&
0| | © ol &l =] @
<| £l 5|5 c|l G| 2| $lm|o|o|uw| o
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F198A | 6 | 20| 5| -| -| 12| 6| 13 24 | 7 1
W203F| 4 | 7| 6| 14 7| -| -| -| 41 6 - § 3
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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
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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).
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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
134



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
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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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