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Abstract 

Protein prenylation is a post-translational lipid modification required for proper 

function by over 100 proteins in the eukaryotic cell.  Proteins that receive this 

modification mediate a wide variety of functions in the cell, including critical signal 

transduction events.  A family of structurally-related protein prenyltransferase enzymes 

carry out this reaction: protein farnesyltransferase (FTase), protein 

geranylgeranyltransferase-I (GGTase-I) and Rab geranylgeranyltransferase (GGTase-II 

or Rab GGTase).  The focus of this dissertation will be on CaaX protein 

prenyltransferases, FTase and GGTase-I, which recognize a defined C-terminal motif on 

substrate proteins: cysteine (C), followed by two generally aliphatic amino acids (aa) and 

a variable (X) residue.   

Protein farnesyltransferase (FTase) catalyzes the addition of a 15-carbon 

isoprenoid lipid to certain CaaX proteins, while protein geranylgeranyltransferase-I 

catalyzes the addition of a 20-carbon lipid.  FTase and GGTase-I have been shown to be 

important drug targets in the fight against cancer, as many of the prenylated signal 

transduction proteins play significant roles in oncogenesis.  More recently, protein 

prenyltransferases have been identified in human pathogens, and these orthologs also 

show promise as drug targets for treating infectious diseases.   The research in this 

dissertation seeks to understand the structural biochemistry and mechanisms of inhibition 

of protein prenyltransferase orthologs from human pathogens.   

Molecular cloning techniques, biochemical assays, and macromolecular X-ray 

crystallography are employed to express recombinant proteins and study their structure 
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and function.  In this work I present the first X-ray structures of non-mammalian protein 

prenyltransferases, including the FTases from Cryptococcus neoformans, Aspergillus 

fumigatus, and Candida albicans; as well as the GGTase-I from Candida albicans. These 

structures reveal regions of the active sites that diverge sufficiently from mammalian 

orthologs that selective inhibitors to treat infectious diseases may be developed.  In 

addition, I present the crystal structures of a novel series of FTase inhibitors bound to 

both mammalian FTase and C. neoformans FTase.  The structures of these 

ethylenediamine-scaffold inhibitors reveal dominant determinants of inhibitor binding, as 

well as ways that the inhibitors could be modified to bind the FTases from multiple 

human pathogens.  Taken together, the data presented in this dissertation advance our 

understanding of the structural biology of protein prenyltransferases across multiple 

species, and these data can be exploited to develop novel treatments for infectious 

diseases.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



	   vi	  

Table of contents 

 

Abstract             iv 

List of tables             ix 

List of figures             x 

List of abbreviations          xii 

Chapter 1:  Introduction to protein prenylation and the protein prenyltransferases 

  Summary           1 

  Prenylated proteins in the eukaryotic cell cycle         2 

  FTase and GGTase-I: an introduction                 11 

  Protein farnesyltransferase structure and reaction cycle    14 

  Protein geranylgeranyltransferase-I structure and reaction cycle   21 

  Investigation of the catalytic transition state         22 

  Mg2+ independence of mammalian GGTase-I     26 

  Determinants of CaaX selection by FTase and GGTase-I    27 

  Inhibitors of protein prenyltransferases                 30 

  FPP and GGPP analog inhibitors         31 

  CaaX peptidomimetic inhibitors         33 

  Other small molecule protein prenyltransferase inhibitors    34 

  FTase and GGTase-I inhibitors to treat infectious diseases    39 

Chapter 2:  Structural basis for binding and selectivity of antimalarial and anticancer 
ethylenediamine-scaffold inhibitors to protein farnesyltrasferase 

 
  Summary          44 



	   vii	  

  Introduction          45 

  Results           49 

  Discussion          56 

  Materials and Methods        60 

Chapter 3:  Crystal structure of Candida albicans protein geranylgeranyltransferase-I 
complexed with a lipid substrate 

 
  Summary          64 

  Introduction          65 

  Results           68 

  Discussion          80 

  Materials and Methods        81 

Chapter 4:  Repurposing anticancer protein farnesyltransferase inhibitors as antifungal  
agents targeting the AIDS-associated pathogen Cryptococcus neoformans 
 

  Summary          88 

  Introduction          89 

  Results           92 

  Discussion        110 

  Materials and Methods      113 

  Acknowledgements       123 

Chapter 5:  Preliminary structural characterization of the protein farnesyltransferases  
                        from the fungal pathogens Candida albicans and Aspergillus fumigatus 
 
  Summary        124 

  Introduction        125 

  Results         126 



	   viii	  

  Discussion        136 

  Materials and Methods      138 

Chapter 6: Cloning, expression, purification and preliminary characterization of 
Trypanosoma brucei protein farnesyltransferase and the protein 
geranylgeranyltransferase-I enzymes from Aspergillus fumigatus and 
Cryptococcus neoformans 

 
  Summary        146 

  Introduction        147 

  Results  and Discussion      148 

  Materials and Methods      155 

Chapter 7:  Future directions 

  Summary        163 

  Structural studies of pathogen protein prenyltransferases  164 

  In silico screening for novel FTI and GGTI scaffolds  166 
 

Structural investigations of the catalytic transition state             167 

Structural studies of ICMT, Rce1, and Zmpste24                         170 

References          172 

Biography          195 

 

 

 

 

 

 



	   ix	  

List of tables 

Table 2.1 IC50 values and compound selectivity         48 

Table 2.2 Crystallographic data collection and refinement statistics    61 

Table 3.1 Crystallographic data collection and refinement statistics      85 

Table 4.1 Substrate modification assay of CaaX selectivity   104 

Table 4.2 Crystallographic data collection and refinement statistics  112 

Table 5.1 Crystallographic data collection and refinement statistics  141 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   x	  

List of figures 

Figure 1.1 Protein prenylation in the eukaryotic cell       4 

Figure 1.2 Reaction cycle of protein farnesyltransferase     10 

Figure 1.3 Protein prenyltransferase structural overview    15 

Figure 1.4 Substrate binding sites of FTase and GGTase-I    17 

Figure 1.5 Clinically important FTase inhibitors       35 

Figure 2.1 Overview of FTase structure and inhibitors used in study   46 
 
Figure 2.2 Analysis of monosubstrate inhibitor binding mode     50 
 
Figure 2.3 Unexpected bisubstrate binding mode of inhibitor 5               53 

Figure 2.4 Homology modeling and structure-activity summary   57 
 
Figure 3.1 Protein prenyltransferase reaction cycle      67 
 
Figure 3.2 Candida albicans GGTase-I structural overview     69 

Figure 3.3 Isoprenoid substrate binding and selection       72 

Figure 3.4 Metal dependence of CaGGTase-I        74 

Figure 3.5 CaaX peptide binding site of CaGGTase-I     77 

Figure 3.6 Prenylated product exit groove        79 

Figure 4.1 In vivo effects of Manumycin A treatment                93 

Figure 4.2 Structural overview of CnFTase                 96   

Figure 4.3 Divalent ion-accelerated catalysis in the crystal    98 

Figure 4.4 CaaX-dependent helix 4α-5α conformational switch   100 

Figure 4.5 CaaX binding site of CnFTase     102 

Figure 4.6 Exit groove structural divergence in CnFTase   105 

Figure 4.7 Analysis of inhibitor binding modes in CnFTsae   107 



	   xi	  

Figure 5.1 Purification and crystallization of CaFTase and AfFTase             127 
 
Figure 5.2 Conservation of protein prenyltransferase fold   130 

Figure 5.3 CaaX substrate selection in AfFTase and CaFTase   133 
 
Figure 5.4 Exit groove variation across species     135 

Figure 6.1 Purification and crystallization of pathogen prenyltransferases 151 

 



	   xii	  

Abbreviations 

C-terminus  carboxyl-terminus 

Ca1a2X or CaaX amino acid sequence motif for substrates of FTase and GGTase-I, 
defined by a cysteine, two small aliphatic residues, and a 
specificity-determining residue 

 
DTT dithiothreitol 

IPTG isopropyl β-D-1-thiogalactopyranoside 

EDTA ethylenediamine tetraacetic acid 

FPP farnesyl diphosphate 

FPT-II non-hydrolyzable FPP analog;  (E,E)-2-[2-Oxo-2-[[(3,7,11-tri-
methyl-2,6,10-dodecatrienyl)oxy]amino]ethyl]phosphonic acid 

 
FTase protein farnesyltransferase 

FTI protein farnesyltransferase inhibitor 

G protein guanine nucleotide-binding regulatory protein 

GDP guanosine diphosphate 

GGPP geranylgeranyl diphosphate 

3´ azaGGPP non-hydrolyzable GGPP analog 

GGTase-I protein geranylgeranyltransferase type I 

GGTase-II protein geranylgeranyltransferase type II, or Rab 
geranylgeranyltransferase 

 
GTP guanosine tryphosphate 
 
GTPase  guanosine triphosphatase 

H-Ras   Harvey-Ras 

HEPES  N-[2-Hydroxyethyl]piperazine-N’-[2-ethanesulphonic acid] 

IC50   concentration which results in 50% inhibition of an enzyme 



	   xiii	  

K-Ras   Kirsten-Ras 

kcal   kilocalorie 

kDa   kilodalton 

mol   mole 

N-terminus  amino-terminus 

PDB   Protein Data Bank 

PEG   polyethylene glycol 

PPi   inorganic pyrophosphate 

Rab   a Ras-like protein; GGTase-II substrate 

Ras   GTP-binding protein involved in signal transduction 

r.m.s.d.  root mean squared deviation 

SDS   sodium dodecyl sulfate 

TC21   teratocarcinoma protein 21 

TCA   trichloroacetic acid 

TCEP   [tris(2-carboxyethyl)phosphine,HCl] 

XAFS   X-ray absorption fine-structure spectroscopy 

 
 
	  

 

 

 

 

 



	   1	  

Chapter 1 

Introduction to protein prenylation and the structural enzymology of 
protein prenyltransferases 

 

Summary 

 The eukaryotic cell uses multiple mechanisms of post-translational protein 

lipidation to encode specific function and localization of hundreds of proteins.  Proteins 

that are covalently modified with a C-terminal isoprenoid lipid in particular, play central 

roles in coordinating cellular signaling networks.  Isoprenylated proteins include 

members of the Ras, Rac, Rho, Rap, and Rab GTPase families, centromeric proteins, 

tyrosine phosphatases, and others.  The transfer of isoprenoid lipids of 15- or 20-carbon 

lengths is catalyzed by three enzymes in mammals: protein farnesyltransferase (FTase), 

protein geranylgeranyltransferase-I (GGTase-I), and Rab geranylgeranyltransferase 

(protein geranylgeranyltransferase type II, GGTase-II).   

For the proteins that are prenylated, the lipidation is often essential for proper 

function.  The obligate nature of the modification for function, combined with the 

prevalence of constitutively active, mutant forms of Ras superfamily GTPases in cancer, 

has spawned an extensive scientific literature spanning twenty years concerning the 

inhibition of the protein prenyltransferases as a chemotherapeutic strategy in the fight 

against cancer.  More recently, protein prenyltransferases have also been identified as 

promising therapeutic targets to treat diseases caused by eukaryotic pathogens such as 

fungi and protozoa.  Although the structural enzymology and inhibition of mammalian 

protein prenyltransferases has been well characterized by this lab and others, little is 



	   2	  

known about the structural determinants of inhibitor binding and selectivity in the 

orthologs of protein prenyltransferases from human pathogens. 

In this chapter, I provide a brief review of protein prenylation in the context of the 

eukaryotic cell.  Although my dissertation research is focused on FTase and GGTase-I, 

but not GGTase-II, I describe the specific roles of all three protein prenyltransferases in 

this introduction for a more complete perspective of this biological process.  In addition 

to the biology of prenylated proteins, I review the kinetic properties, structural 

enzymology, and development of inhibitors of protein prenyltransferases as elucidated by 

this laboratory and others.   

These reviews contextualize the research documented in the later chapters of this 

dissertation concerning a) the determination of the first crystal structures of non-

mammalian FTase and GGTase-I enzymes from the human pathogens; b) the 

characterization the structural determinants of inhibitor and substrate selection by protein 

prenyltransferase orthologs from pathogens; and c) the exploitation of structural 

variations between species to design specific inhibitors as therapeutics for infectious 

diseases.  

 

Prenylated proteins in the eukaryotic cell 

 The eukaryotic genome encodes over 100 proteins that are alkylated at their C-

termini by one or two isoprenoid lipid groups (Casey and Seabra, 1996).  The 15-carbon 

lipid farnesyl pyrophosphate (FPP) or the 20-carbon lipid geranylgeranyl pyrophosphate 

(GGPP) are the lipid donors for this reaction.  Both of these molecules are produced 

during the biosynthesis of cholesterol (Goldstein and Brown, 1990).   Farnesylation is 
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carried out by protein farnesyltransferase (FTase), while geranylgeranylation is carried 

out by one of two protein geranylgeranyltransferases: protein geranylgeranyltransferase 

type I (GGTase-I) and Rab geranylgeranyltransferase (protein geranylgeranyltransferase 

type II, Rab GGTase, or GGTase-II) (Casey and Seabra, 1996).  GGTase-I and FTase are 

collectively known as CaaX protein prenyltransferases, so named for the C-terminal 

tetrapeptide motif recognized by the enzyme.  The CaaX motif consists of an invariant 

cysteine (which receives the prenyl modification), followed by residues whose identities 

dictate specificity for FTase or GGTase-I (Casey and Seabra, 1996).  Rab GGTase 

prenylates substrates bearing two C-terminal cysteines in a somewhat broad amino acid 

context.  However most of the substrates bear a CC or CXC motif (where C represents 

cysteine residues and X is any amino acid), and Rab GGTase is capable of doubly 

prenylating these substrates on both available cysteines (Khosravi-Far et al., 1991). 

The predominant function of prenyl groups is to assist in targeting the modified 

protein to a cellular membrane (Figure 1.1).  In many cases, a single farnesyl or 

geranylgeranyl group is sufficient to direct a prenylated protein to a membrane; however, 

some proteins (including several Ras isoforms) require additional lipidation by palmitoyl 

groups to efficiently direct the protein to either the plasma membrane, or other 

endomembranous structures in the cell (Adamson et al., 1992; Cadwallader et al., 1994; 

Hancock et al., 1989).   

GTPases comprise the largest subset of prenylated proteins and include members 

of the Ras, Rab, Rheb, Rac, Rho families, as well as the γ subunit of heterotrimeric G-

proteins (Konstantinopoulos et al., 2007).  All of these proteins play critical and diverse  
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Figure 1.1  Protein prenylation in the eukaryotic cell.  Heterodimeric CaaX protein prenyltransferases 
(red/blue) catalyze the addition of an isoprenoid lipid to a CaaX protein (yellow).  Two post-prenylation 
processing steps (proteolysis and methylation by Rce1 and ICMT, respectively) are required to fully mature 
the prenylated protein for membrane insertion. 
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roles in cellular signaling that have been extensively reviewed elsewhere (Bokoch and 

Der, 1993; Fritz and Kaina, 2006; Leung et al., 2006; Pereira-Leal et al., 2001; Sebti, 

2005; Wright and Philips, 2006).  Signal transduction by these families of GTPases is 

mediated by transient interactions with other proteins at membrane surfaces.  Prenylation 

of GTPases is therefore a central requirement for myriad cellular signaling networks.  

Many mutant forms of these G proteins have been identified, some of which are 

constitutively active in growth and proliferation signaling pathways (Kato et al., 1992).  

These mutations are often oncogenic and are associated with a wide variety of cancer 

types.  Consequently, protein prenyltransferase inhibitors (largely FTase and GGTase-I 

inhibitors) have been extensively studied as anticancer chemotherapeutics (Basso et al., 

2006).  The mechanisms of inhibitor binding and selectivity of FTase inhibitors (FTIs) 

and GGTase-I inhibitors (GGTIs) will be discussed later in this introduction and together 

with results presented in later chapters of this dissertation. 

Although prenylation is most often associated with signal transduction proteins, it 

is also essential for several structural proteins, including nuclear lamins.  Nuclear lamins 

are thought to use prenylation to assist in targeting to the nuclear membrane, after which 

they assemble into the mesh-like nuclear lamina to reinforce the structure of the nucleus 

(Pendas et al., 2002; Yang et al., 2005; Young et al., 2005).  The farnesylation of nuclear 

lamins has been extensively studied as it pertains to Hutchinson-Gilford progeria 

syndrome (HGPS), a premature aging disease.  Normally, Lamin A is farnesylated as an 

intermediate step in its maturation process; however, this protein is subjected to a 

proteolytic cleavage of its C-terminus, including the farnesyl modification, to become 

fully matured and functional (Pendas et al., 2002).  HGPS patients possess a mutation in 
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lamin A that eliminates the proteolysis recognition site, causing an accumulation of 

unprocessed, farnesylated lamin A (Young et al., 2005).  The accumulation of 

farnesylated lamin A is thought to underlie aberrant nuclear morphology and perhaps 

other cellular pathologies associated with HGPS.   

In cellular assays, treatment with FTase inhibitors (FTIs) reverses the nuclear 

morphological problems associated with defective lamin A processing (Young et al., 

2006).  Further, FTIs have been investigated in mouse models of progeria with 

encouraging results (Yang et al., 2008).  Mice treated with FTIs were shown to live 

longer and were less likely to incur fractures than untreated mice.  Lamin A may also be 

alternatively prenylated by GGTase-I (Varela et al., 2008).  Therefore, more dramatic 

results were achieved when the biosythesis of both FPP and GGPP were inhibited by 

aminobisphosphonates and statins, respectively; many of the characteristic symptoms of 

progeria in the mouse model were alleviated with this combination of drugs (Varela et al., 

2008).    These results suggest that HGPS could be the second non-infectious human 

disease (after cancer) for which protein prenyltransferase inhibitors are a promising 

treatment route. 

Less is known about the role prenylation plays in proteins that do not use the 

modification for membrane targeting.  For example, two centromeric proteins, CENP-E 

and CENP-F, are farnesylated in vivo, but the function of this modification is poorly 

understood (Ashar et al., 2000).  CENP-E is a kinesin motor protein that acts during the 

separation of sister chromatids during mitosis (Schafer-Hales et al., 2007), while CENP-F 

is a chromosomal passenger protein whose function in mitosis has not been well-

characterized (Hussein and Taylor, 2002).  Both of these proteins are in vivo recipients of 
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a farnesyl modification.  Inhibition of farnesylation results in inability of CENP-E to 

associate with microtubules, a process required to drive chromatid separation (Schafer-

Hales et al., 2007).  The ability of CENP-F to associate with kinetochores is also reduced 

after inhibition of farnesylation (Hussein and Taylor, 2002).  These data suggest that in 

the case of some proteins, the prenylation may function to promote protein-protein 

interactions instead of membrane association.    

Additional lines of evidence support the hyptothesis that prenylation may be an 

important mediator of protein-protein interactions, protein-ligand interactions, and 

signaling in a manner other than membrane targeting of G proteins.  The mating 

pheromones produced by a number of fungi are prenylated (Caldwell et al., 1995).   In 

several species of fungi, including Saccharomyces cerevisiae, disruption of farnesylation 

of the a-factor mating pheromone causes a defect in mating (He et al., 1991a).  In S. 

cerevisiae, farnesylation, as well as post-prenylation processing by proteolysis and 

carboxymethylation (reviewed later in this section) are required for recognition of the a-

factor mating pheremone by the integral membrane export protein Ste6p, which is 

responsible for secretion of the pheremone (Schmidt et al., 1998).  Furthermore, the 

binding of farnesylated a-factor by the a-factor receptor is much tighter than that of 

unprenylated a-factor, suggesting specific roles for the farnesyl moiety in pheromone 

export, recognition, and signaling (Sapperstein et al., 1994).  

Recent evidence also suggests that some higher eukaryotes use prenylated 

polypeptides as signaling molecules, particularly during development.  Germ cell 

migration in both zebrafish and drosophila has been shown to be prenylation-dependent 
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(Santos and Lehmann, 2004).  Defects in migration is observed after treatment with 

prenyltransferase inhibitors.  

 

Post-prenylation processing 

 After prenylation by FTase or GGTase-I, proteins are further processed by two 

enzymatic reactions (Figure 1.1).  The first step is the proteolytic removal of the last three 

residues of the CaaX motif (aaX) by one of two enzymes: Ras converting enzyme (Rce1) 

or zinc metalloprotease ste24 homolog (Zmpste24) (Winter-Vann and Casey, 2005).  The 

second step is the methylation of the carboxy terminus of the protein by isoprenylcysteine 

carboxyl methyltransferase (ICMT), an S-adenosylmethionine-dependent 

methyltransferase (Winter-Vann and Casey, 2005).   

 Zmpste24 and Rce1 exhibit both overlapping and distinct functionalities in the 

cell.  Although Rce1 recognizes only CaaX motifs (Hollander et al., 2003; Otto et al., 

1999), Zmpste24 can cleave CaaX motifs as well as upstream sequences of farnesylated 

proteins (Bracha et al., 2002; Tam et al., 1998; Young et al., 2005).  Zmpste24 is the 

protease responsible for maturation of the Lamin A protein by proteolytic removal of the 

last 15 amino acids of the protein (Young et al., 2006).  Although it appears inefficient to 

cleave this protein twice, it is thought that the initial CaaX proteolysis and subsequent 

methylation enhances targeting of Lamin A to intracellular membranes by increasing 

hydrophobicity (Young et al., 2006).  Mutants of this protein expressed as fully mature 

variants that bypass the post-prenylation processing (i.e. lacking the last 18 amino acids) 

are not able to localize to the nuclear membrane (Young et al., 2005).   
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 Zmpste24 possesses a canonical metal-binding motif (HEXXH), and as its name 

implies, it has been shown biochemically to be a zinc metalloprotease (Kumagai et al., 

1999).  Rce1, on the other hand, exhibits no sequence homology to any known protease 

(Otto et al., 1999).  Rce1 is also resistant to zinc-chelating agents, suggesting it may not 

be a zinc metalloprotease (Otto et al., 1999).  Both Zmpste24 and Rce1 are integral 

membrane proteins that are targed to the endoplasmic reticulum. 

 Following proteolysis, the prenylated CaaX protein is further modified by ICMT, 

which is also an ER-localized integral membrane protein (Winter-Vann et al., 2003).  

ICMT uses S-adenosylmethionine as the methyl donor, and it has been shown 

biochemically that its mimimal substrate is farnesyl-cysteine, suggesting substrate 

recruitment occurs primarily through the lipid group and hydrophobic interactions (Dai et 

al., 1998; Winter-Vann and Casey, 2005).  Deficiencies in ICMT cause farnesylated 

proteins, but not geranylgeranylated proteins, to mislocalize in the cell (Blum et al., 2008; 

Roberts et al., 2008).  Methylation of the carboxy terminus therefore appears to be 

required to make proteins modified with the 15-carbon farnesyl lipid sufficiently 

hydrophobic to effectively associate with the target membrane.  However, the longer 20-

carbon geranylgeranyl lipid is sufficiently hydrophobic to promote spontaneous 

partitioning of the lipid into the membrane without methylation.    

 The essential nature of the post-prenylation processing for proper localization and 

function of CaaX proteins implicate the CaaX proteases and ICMT as cancer drug targets 

(Winter-Vann and Casey, 2005).  Studies by multiple groups have identified selective 

inhibitors of these enzymes, several of which exhibit promising activity in tumor cell 

lines (Winter-Vann and Casey, 2005).  
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Figure 1.2  A)  Reaction chemistry catalyzed by protein prenyltransferases.  B) Reaction cycle showing 
intermediates that have been captured in the crystal.   
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Protein farnesyltransferase and protein geranylgeranyltransferase-I: an 

introduction 

 Mammalian protein farnesyltransferase was the first of the three protein 

prenyltransferases to be identified, purified and characterized (Casey et al., 1989; Manne 

et al., 1990; Reiss et al., 1990).  For several years prior to the identification of FTase, it 

was noted that Ras oncoproteins were lipidated at their C-termini using lipid donors 

derived from mevalonate in the cholesterol biosynthetic pathway (Beck et al., 1988).  The 

first purification of the FTase enzyme from rat brain cytosol confirmed that it was a 

heterodimeric enzyme, consisting of an α subunit (48 kDa) and β subunit (45 kDa) (Reiss 

et al., 1992b).   Ensuing biochemical studies confirmed that it was a Zn2+-metalloenzyme, 

and that Mg2+ dramatically accelerates, but is not required for, the chemical reaction 

(Manne et al., 1990; Reiss et al., 1992a; Saderholm et al., 2000).   Most of the residues 

that are responsible for binding substrates are located in the β subunit, although 

mutagenesis had suggested that several α subunit residues (including K164α) are also 

required for efficient turnover (Andres et al., 1993; Omer et al., 1993a).  The enzyme can 

bind either substrate independently; however, the enzyme exhibits much higher affinity 

for its cognate lipid substrate, farnesyl pyrophosphate (FPP), than for the CaaX substrate 

(low nanomolar vs. low micromolar dissociation constants, respectively) (Furfine et al., 

1995; Khan et al., 1995; Reiss et al., 1991).  The binding of substrates has been 

demonstrated to proceed via a sequential mechanism:  FPP binds first and is required for 

binding by the CaaX peptide in a mode competent for chemistry (Furfine et al., 1995).    

 Subsequent characterization of mammalian GGTase-I demonstrated that it is also 

heterodimeric enzyme consisting of α and β subunits.  An early surprising finding was 
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that it shared a common α subunit with FTase, although the enzymes have distinct β 

subunits (Seabra et al., 1991).  The β subunits share only 25% sequence identity, 

although the crystal structures of these enzymes reveal extensive structural conservation 

(Taylor et al., 2003) (Figure 1.3).   Similar to FTase, the β subunit contains most of the 

active site residues responsible for selecting its cognate lipid substrate, geranylgeranyl 

pyrophosphate (GGPP), and CaaX substrates (Zhang et al., 1994).  Solution studies 

reveal that the kinetic mechanism of GGTase-I and FTase is conserved, with both 

requiring Zn2+ to alkylate the γ-sulfur of the CaaX substrate cysteine (Zhang and Casey, 

1996).  Requirements for transiently-associated divalent ions, however, differ between 

the two enzymes.  GGTase-I does not exhibit chemical rate acceleration by Mg2+ as is 

observed in FTase (Hartman et al., 2004; Pickett et al., 2003a). 

 The sequence divergence in the β subunits between FTase and GGTase-I 

underlies the encoding of selectivity for lipid chain length (the 15-carbon FPP vs. the 20-

carbon GGPP) as well as CaaX substrate selection (Reid et al., 2004b; Terry et al., 2006).  

CaaX substrates which terminate in X=M, S, Q, and A are predominantly farnesylated, 

while X=L or I substrates are most commonly geranylgeranylated.  The prenylation 

patterns in vivo are consistent with structural studies of CaaX preferences (Reid et al., 

2004b).  However, prenylation of non-cognate substrates can be observed both in vivo 

and in kinetics assays (Hicks et al., 2005; Sebti and Hamilton, 2000; Trueblood et al., 

1993).  The structural basis for substrate selection by FTase and GGTase-I will be 

reviewed in greater detail later in this chapter. 
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Rab geranylgeranyltransferase 

 Rab geranylgeranyltransferase (Rab GGTase) differs significantly from the CaaX 

prenyltransferases with respect to its molecular structure, reaction cycle, and substrate 

recognition.  The α subunit of the heterodimeric Rab GGTase contains a helical region 

that is homologous to the α subunit of CaaX prenyltransferases; however it also contains 

an immunoglobulin (Ig)-like domain and a leucine-rich repeat domain (LRR) that are 

unique to Rab GGTase (Zhang et al., 2000).  The biological significance of these 

domains remains unknown.  Recent studies have shown that they can be removed entirely 

without affecting the stability of the heterodimer or catalytic function (Guo et al., 2008).  

Similar to CaaX prenyltransferases, most of the catalytic residues reside in the β subunit, 

which exhibits a fold similar to that of FTase and GGTase-I (Guo et al., 2008; Zhang et 

al., 2000).  Sequence identity between any two protein prenyltransferase β subunits is low 

(25-30%) (Taylor et al., 2003).   

Rab GGTase geranylgeranylates Rab proteins which have a C-terminal motif 

bearing two cysteines (most often in a -CC or -CXC motif); however, solution studies 

reveal that the enzyme is not capable of directly recognizing this sequence (Leung et al., 

2006).  Instead, the Rab substrate binds first to another protein, Rab Escort Protein 

(REP), which in turn associates tightly with Rab GGTase to deliver the Rab substrate to 

Rab GGTase.  Like FTase and GGTase-I, the binding of substrates is sequential, with 

lipid association occurring prior to the delivery of the Rab substrate by REP (Guo et al., 

2008; Pylypenko et al., 2003; Thoma et al., 2001).  Unlike the CaaX prenyltransferases, 

however, Rab GGTase sequentially prenylates two cysteines in the –CC or –CXC motifs 

prior to REP/Rab dissociation.  Release of the prenylated product from both the first and 
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second rounds of catalysis by the enzyme is mediated by binding of a fresh GGPP 

substrate in the active site (Guo et al., 2008).  Recent crystal structures of Rab GGTase in 

complex with GGPP, as well as Rab GGTase:REP:Rab crystal structures, support this 

catalytic model (Guo et al., 2008).  

 The function of REP extends beyond delivery of substrates to Rab GGTase.  REP 

contains hydrophobic regions capable of sequestering the doubly geranylgeranylated C-

terminus of Rab proteins after release from Rab GGTase (Goody et al., 2005; Leung et 

al., 2006).  REP may therefore contribute to the delivery of Rab proteins to the 

appropriate membrane environment.  A protein structurally related to REP, called 

RabGDI, also possesses binding grooves for sequestration of geranylgeranylated Rab 

moieties (Zhang, 2003).  RabGDI stands for Rab-GDP Dissociation Inhibitor, and its 

function is to prevent the exchange of GDP for GTP that is essential for the cycling of 

Rab signaling.  RabGDI does not bind to Rab GGTase and therefore does not regulate the 

prenylation event (Leung et al., 2006; Zhang, 2003).   Rather, it is hypothesized that 

RabGDI associates with Rab proteins at the membrane and may not only regulate GDP to 

GTP turnover, but also recycling Rab proteins on and off membranes in the cell (Zhang, 

2003). 

 

Protein farnesyltransferase structure and reaction cycle 

 This laboratory published the first crystal structure of mammalian protein 

farnesyltransferase in 1997, and it revealed a number of interesting structural features 

(Park et al., 1997).  The α subunit is comprised of 15 α-helices, 14 of which are arranged 

in antiparallel pairs (Figure 1.3).  The most striking structural feature of this subunit is the 
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Figure 1.3  A)  Protein farnesyltransferase heterodimer.  α subunit is in red.  β subunit is in blue, and the 
catalytic zinc ion is in pink.  B)  Protein geranylgeranyltransferase-I heterodimer. α subunit shared with 
FTase is in red.  β subunit is in purple, and the catalytic zinc ion is in pink.  C)  Superposition of the β 
subunits of FTase and GGTase-I shows high degree of structural homology. 
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arrangement of these pairs of helices in a right-handed superhelical, crescent-shaped 

molecule that envelops the β subunit.  In total, the subunit interface buries >3000Å2 of 

surface area.  The β subunit is also predominantly α-helical, with the 14 major alpha 

helices arranged in an α-α barrel fold.  The barrel is closed at one end, but the opposite 

end exhibits a large opening to a funnel-shaped, largely hydrophobic cavity in the center 

of the barrel.   This cavity contains the active site of the enzyme (Long et al., 2000, 2002; 

Park et al., 1997). 

 The catalytic Zn2+ ion is bound at the rim of the barrel on the opposite side of the 

opening from the interface with the α subunit and marks the site at which chemistry is 

carried out by the enzyme (Figure 1.3).  The Zn2+ coordination exhibits a distorted 

pentacoordinate geometry (Park et al., 1997).  Initial crystal structures without a bound 

CaaX peptide reveal that the Zn2+ ion is coordinated by three residues: H362β, C299β, 

and D297β.  The aspartic acid is a bidentate ligand, with one carboxylate oxygen 

coordinating at a canonical 2.1Å distance, while the second carboxylate oxygen 

coordinates at a fairly long 2.7Å distance.  Although this coordination arrangement has 

been a subject of debate in the field, recent high-resolution crystal structures (1.5Å 

resolution) of FTase support this model with little ambiguity (Terry et al., 2006).  The 

fifth ligand of the catalytic Zn2+ ion is an open position that is alternately occupied by the 

γ-sulfur of the cysteine residue of the CaaX motif upon substrate biding, the thioether 

prenylated peptide after chemistry, or a water molecule after product displacement (Long 

et al., 2002).   The ordered binding of substrate molecules was observed first by solution 

kinetics, but the crystal structures of FTase with bound substrates suggest a molecular 

basis for this observation.  A ternary complex of FTase with a non-reactive, high-affinity  
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Figure 1.4  Superposition of the substrate binding sites of FTase (gray) and GGTase-I (purple).  
Representative CaaX peptide (CVIM) is in yellow.  GGPP is in orange, and FPT-II (a FPP analog) is in 
green).  The catalytic zinc ion is in pink. 
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analog of FPP (FPT-II) and a CaaX substrate peptide revealed that the two substrates 

exhibit significant van der Waals contact (Long et al., 2000, 2002).  The CaaX substrate 

also restricts the solvent accessibility of the lipid substrate, suggesting that the lipid must 

bind first, followed by the peptide (Figure 1.4).  

 The active site contains three major clefts.  Two clefts extend in a parallel fashion 

from the top of the barrel near the catalytic zinc and accommodate the isoprenoid and 

CaaX substrates (Figure 1.4).  The third cleft is formed by helices 2β, the loop linking 

helices 2β and 3β, and helix 13β and is termed the "exit groove" (Long et al., 2002). The 

significance of this groove is discussed in detail later in this section. 

 The isoprenoid binding cleft is composed of predominantly aromatic residues 

which are highly conserved across species.  The diphosphate binding pocket at the top of 

the cleft (adjacent to the catalytic Zn2+ ion) is lined with positively charged residues, a 

tyrosine, and a histidine, all of which make either direct or water-mediated hydrogen 

bonds to the diphosphate moiety of FPP (Long et al., 1998, 2000, 2002).  The FPP 

binding cleft is large enough only to accommodate a 15-carbon lipid chain, restricted at 

the bottom of the pocket by a tryptophan residue (W102β).  In GGTase-I, the equivalent 

residue to W102β is a much smaller threonine (T49β), which permits the longer 20-

carbon GGPP to occupy the site (Taylor et al., 2003) (Figure 1.4).  Mutation of W102β to 

threonine in FTase ostensibly converts the enzyme to a GGTase-I, albeit with CaaX 

preferences that remain consistent with canonical FTase substrates (Terry et al., 2006). 

 Adjacent to the isoprenoid binding cleft is the CaaX binding cleft.  At the top of 

this cleft is the catalytic Zn2+ ion that anchors the cysteine of the CaaX motif (Figure 1.4).  

The bottom of the cleft contains a glutamine residue (Q167α) that anchors the carboxy 
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terminus of the CaaX peptide (Figure 1.4).  The CaaX substrate binds in an extended 

conformation, anchored at its N- and C-terminal ends by the Zn2+ and Q167α, 

respectively (Long et al., 2000; Long et al., 2001; Reid et al., 2004b).  Between these two 

anchors points lies a predominantly hydrophobic surface that is responsible for binding 

the side chains of the a2 residue (the penultimate residue in the CaaX motif), as well as 

the X-residue (Long et al., 2000; Reid et al., 2004b).  The a1 residue (which follows the 

cysteine) is oriented toward solvent in the crystal structures and does not contribute 

significantly to recognition by the enzyme.   

Crystal structures of mammalian FTase that define the major steps along the 

reaction coordinate have been determined (Long et al., 2002).  As indicated earlier, 

binary complexes (with lipid only) and ternary complexes (with a non-reactive lipid 

analog and CaaX peptide) defined the two major substrate binding grooves and 

confirmed the role of the Zn2+ ion in orienting the CaaX peptide and mediating the 

alkylation reaction.  As illustrated by solution studies, the product release step of the 

FTase reaction cycle is the rate-limiting step (over 300-fold slower than the rate of 

chemical bond formation) (Furfine et al., 1995).  The slow product release kinetics 

permitted the capture of the prenylated product complex in the crystal (Long et al., 2002).  

In this complex, the binding mode of the CaaX motif is largely unchanged from the 

ternary complexes, although the coordination distance to the Zn2+ ion is longer by the 

thioether product than by a free cysteine thiolate (2.7Å vs. 2.3Å, respectively).  The 

striking feature of this complex is the conformational rearrangement of the first two 

isoprenes of the lipid substrate, compared with the binding mode in the ternary complex.  

In the ternary complex, the C1 carbon of FPP is >7Å away from the Zn2+ ion, an 
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arrangement that is not productive for chemical bond formation.  To bring the C1 carbon 

close enough to the Zn2+ ion for chemistry, the first two isoprenes must rotate and 

translate toward the Zn2+-bound cysteine thiolate.  Spectroscopic studies and kinetic 

isotope effect analysis of the chemical step also support a mechanism in which the 

isoprenoid substrate undergoes a conformational change, while the CaaX peptide remains 

stationary during the reaction (Pais et al., 2006; Pickett et al., 2003b).   

When crystals containing a farnesylated CaaX motif are soaked in excess 

isoprenoid, an unusual, partially-displaced product intermediate can be captured (Long et 

al., 2002).  In this complex, a fresh isoprenoid lipid substrate is bound isosterically to the 

lipid found in the binary complex.  The a2 and X residues of the now-prenylated CaaX 

motif also bind isosterically with the conformation observed in the lipid:CaaX ternary 

complexes.  However, the lipid moiety of the farnesylated product is flipped into the third 

major cleft of the active site: the exit groove.  This shallow, hydrophobic cavity is 

oriented perpendicularly to the clefts that bind substrates prior to and during the chemical 

reaction. To accommodate the flipped farnesyl moiety, the cysteine and a1 residues of the 

CaaX motif undergo a conformational change that disrupts interaction with the catalytic 

Zn2+ ion.  The thioether bond is nearly 9Å displaced from the Zn2+ ion in this complex.  

The existence of the exit groove and the stably associated, partially displaced product 

may underlie the slow product release kinetics observed for FTase (Long et al., 2002).  

Binding of a fresh CaaX peptide accelerates complete displacement of product from the 

active site (Furfine et al., 1995).  
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Protein geranylgeranyltransferase-I structure and reaction cycle. 

 The first crystal structures of mammalian GGTase-I, with its complete reaction 

coordinate captured in the crystal, were determined in 2003 by this laboratory (Taylor et 

al., 2003) (Figure 1.3).  These data facilitated a detailed analysis of the structural features 

of CaaX protein prenyltransferases that were highly conserved, as well as those features 

that were molecular determinants of substrate descrimination between FTase and 

GGTase-I. 

 The overall fold observed for GGTase-I was not surprising, given the homology 

to FTase predicted by sequence alignments.  The shared α subunit of FTase and GGTase-

I exhibited a slightly different curvature in the GGTase-I crystal structure.  This 

observation is attributed to the difference in size between the FTase and GGTase-I β 

subunits (45 vs. 43 kDa, respectively), which the α subunit must envelop.   

 The GGTase-I β subunit also exhibits an α-α barrel fold, which creates a funnel-

shaped active site with proportions quite similar to FTase (Taylor et al., 2003).  The three 

major substrate binding clefts in GGTase-I (for the lipid, CaaX, and displaced product) 

are readily identifiable, with a conserved spatial orientation relative to FTase.  The 

catalytic Zn2+ ion is coordinated with identical geometry by conserved histidine (321β), 

aspartic acid (D269β), and cysteine (271β) residues.   

 GGPP is bound by the enzyme in a cleft highly conserved with FTase.  The 

diphosphate moiety is also stabilized by hydrogen bonds to basic residues, along with a 

histidine and tyrosine.  Highly conserved aromatic and aliphatic residues line the binding 

site for the isoprenoid moiety of GGPP.  Unexpectedly, the fourth isoprene of GGPP 

(which FPP lacks) adopts a conformation that is orthogonal to the first three isoprenes of 
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the lipid chain (Figure 1.4).  Although the GGPP binding site exhibits high conservation 

with the FPP binding site of FTase, a critical residue substitution at the bottom of the 

lipid binding pocket (W102β in FTase to T49β in GGTase-I) results in a pocket large 

enough to accommodate a 20-carbon isoprenoid substrate.  This substitution forms the 

basis of the "molecular ruler" hypothesis of isoprenoid discrimination by FTase and 

GGTase-I (Taylor et al., 2003; Terry et al., 2006).  FTase sterically excludes the longer 

GGPP ligand with a bulky aromatic residue (W102β) present at the bottom of the binding 

pocket.  GGTase-I can accommodate the shorter FPP ligand, however it transfers FPP 

with markedly reduced efficiency compared with its cognate substrate.  

 The reaction cycle of GGTase-I is largely indistinguishable from that of FTase 

(Taylor et al., 2003).  In both cases, the lipid substrate binds initially in a conformation 

that is unproductive for chemistry, necessitating a gross conformational change to bring 

the reactive C1 carbon into close enough proximity of the Zn2+ ion for the reaction to take 

place.  The thioether product bound to GGTase-I adopts a conformation isosteric with the 

product bound to FTase, save for the additional five carbons of the lipid moiety of the 

geranylgeranylated product.  Finally, a displaced product complex can be captured 

(bound in the exit groove), when GGTase-I crystals containing prenylated product are 

soaked with excess isoprenoid substrate. 

 

Investigation of the catalytic transition of protein farnesyltransferase  

 Although crystallographic analysis has permitted the detailed molecular 

characterization of major steps along the reaction coordinate for protein 

prenyltransferases, the chemical transition state has eluded such direct analysis.  The 
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nature of the transition state is of particular interest for drug development; many highly 

potent inhibitors of enzymes are transition state mimics (Schramm, 2005).   

 Recent solution studies and computational modeling have provided a refined 

model for the transition state that more clearly defines the role of Mg2+ as well as 

residues in the isoprenoid binding pocket in transition state stabilization.  A canonical 

high-affinity Mg2+ binding site has not been identified in FTase, using either sequence 

homology searches or by inspection of the crystal structure.  However, as stated 

previously, Mg2+ accelerates the rate of the FTase reaction chemistry; the role ascribed to 

Mg2+ is stabilization of the buildup of negative charge on the diphosphate leaving group 

in the transition state (Cui and Merz, 2007; Hartman et al., 2004; Pais et al., 2006; Pickett 

et al., 2003a).  Mutagenesis has implicated D352β as a Mg2+ ligand in mammalian FTase, 

but its exact role is not well-defined (Pickett et al., 2003a). 

 The chemical step of the reaction can be further subdivided into two steps: 1) 

conformational change of the isoprenoid diphosphate; and 2) covalent bond formation.  

Interrogation of the chemical step by recent kinetic isotope effect (KIE) experiments, as 

well as molecular dynamics simulations, reveal that the conformational rearrangement of 

the isoprenoid substrate is rate limiting relative to the covalent bond formation (Pais et 

al., 2006).  

Interpretation of the KIE and computational studies in light of the D352β 

mutagenesis data suggest the following refined role of Mg2+: Mg2+ is recruited to the 

diphosphate of isoprenoid substrate while the conformation of the lipid is in its "resting" 

state, or the conformation that is incompatible with chemical bond formation.  Binding of 

the divalent ion helps to drive the conformational change of the lipid, which results in the 
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positioning of the Mg2+-bound diphosphate group near D352β (Cui and Merz, 2007; Pais 

et al., 2006; Pickett et al., 2003b; Yang et al., 2010).  Coordination of Mg2+ by D352β 

and the diphosphate helps to stabilize the productive conformation of the lipid such that 

chemical bond formation can occur efficiently.   

Recent molecular dynamics simulations in which the position and role of Mg2+ 

were investigated support this refined model (Cui and Merz, 2007; Yang et al., 2010).  In 

these studies, it was shown that Mg2+ was dominant factor in licensing the 

conformational change of the lipid.  Additional solution studies further support this 

model.  First, a crystal structure has been determined in which a Mn2+ ion was shown 

bound to the diphosphate moiety mimic of FPT-II (a lipid substrate analog) (Long et al., 

2000).  However, no metal association was observed with D352β in this structure, which 

is representative of a pre-chemistry ternary complex.  Further, it has been show that there 

is a pH dependence to Mg2+ assisted catalysis (Bowers and Fierke, 2004).   The binding 

constant for Mg2+ to FTase is tighter at high pH, consistent with a 3+ charge on the 

diphosphate, versus a 2+ charge on the diphosphate at physiological pH (7.4).  Taken 

together, these observations supports the hypothesis that Mg2+ is not predominantly 

recruited by a specific protein binding site, but rather by the diphosphate itself.  

Site-directed mutagenesis of the side chains that bind the diphosphate moiety of 

FPP has also provided some insight into their respective roles during catalysis; several 

residues act in concert with Mg2+ to stabilize the transition state.   Y300β and H248β have 

been proposed to interact with the α phosphate of FPP in the transition state and assist in 

stabilizing the active conformation of the lipid (Pickett et al., 2003b).  R291β and K294β 

have been proposed to interact with the β phosphate of FPP in the "active" substrate 
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conformation of the lipid that is competent for chemistry (Bowers and Fierke, 2004).  

Through these interactions, R291β and K294β help to orient the diphosphate during 

chemistry, and they also play a role similar to Mg2+ in the stabilization of accumulating 

negative charge on the diphosphate group.    

 Interestingly, R291β and K294β appear to attenuate the affinity of FPP for Mg2+ 

when bound to FTase (Bowers and Fierke, 2004).  Fierke and colleagues showed that the 

binding constant for Mg2+ by FPP free in solution is >10 fold tighter than when the ligand 

is bound to FTase.  However, mutagenesis of R291β and K294β to glutamine or alanine 

reverses the attenuation of Mg2+ affinity.  Fierke and colleagues have proposed that this 

attenuation has evolved as a regulatory mechanism; they suggest that it helps to prevent 

association of Mg2+ prior to binding of the peptide substrate.  However, the physiological 

importance of this phenomenon is unclear.   

 Preliminary characterization of FTase by steady-state kinetics suggested that 

K164α also contributed to efficient turnover by the enzyme; mutation of this residue to 

alanine results in a marked decrease in overall kcat (Pickett et al., 2003b; Wu et al., 1999).  

Crystallographic analysis shows that this residue makes a hydrogen bond with a 

backbone carbonyl oxygen in the CaaX substrate; however, this residue is also within 

hydrogen bonding distance of the FPP diphosphate moiety in most models of the 

transition state (Long et al., 2000, 2002; Reid et al., 2004b).  Rigorous single-turnover 

kinetics studies, however, show that K164α does not play a role in transition state 

stabilization (Pickett et al., 2003b).  Rather, this residue is likely to play an important role 

in stabilizing the binding of the CaaX peptide, particularly under conditions in which the 

CaaX cysteine side chain is not ionized.  When protonated, the cysteine thiol-Zn2+ 
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interaction is weaker and longer, which results in a shortening and strengthening of the 

hydrogen bond between K164α and the CaaX peptide (Pickett et al., 2003b).    

 

Mg2+-independence of mammalian GGTase-I 

 Unlike FTase, mammalian GGTase-I exhibits no dependence on Mg2+.  In the 

crystal structure of GGTase-I, it was noted that in place of the FTase Mg2+ ligand D352β, 

GGTase-I possesses a lysine residue (K311β) (Taylor et al., 2003).  Solution kinetics 

studies confirmed that the positively charged amine side chain of K311β partially 

replaces Mg2+ to accelerate the rate of chemistry by GGTase-I (Hartman et al., 2004).  It 

should be noted, however, that wild-type GGTase-I catalyzes prenylation at a rate nearly 

40 fold slower than FTase, which is consistent with the decreased ability of a lysine 

residue to stabilize the transition state relative to a divalent metal ion.  Mutagenesis 

studies (K311βA or K311βD) indicated that deletion of the positive charge conferred 

Mg2+ -dependent rate acceleration to GGTase-I (Hartman et al., 2004).  Complementary 

studies by this laboratory showed that mutation of D352β to lysine abrogated the Mg2+-

dependence of FTase; however, the reaction was not as efficient as GGTase-I catalysis 

(unpublished data, Kimberly Terry Lane). 

 Interestingly, the GGTase-I from the fungus Candida albicans (CaGGTase-I) also 

possesses a positively charged side chain at a position equivalent to the FTase 

D352β/GGTase-I K311β (Hast and Beese, 2008).  Based upon of the mammalian FTase 

and GGTase-I structural and kinetic data, this residue was predicted to make CaGGTase-I 

Mg2+-independent.  However, kinetic analysis of CaGGTase-I revealed that it is 

dependent on Mg2+ in a manner consistent with mammalian FTase (Mazur et al., 1999).  
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This unexpected observation will be addressed in the context of the CaGGTase-I crystal 

structure presented in this dissertation.  

 

Determinants of CaaX substrate selection in FTase and GGTase-I 

 CaaX selection by FTase and GGTase-I is modulated predominantly by the 

identity of the a2 and X residues (the penultimate and last residues, respectively) in the 

CaaX sequence.  Common to the binding of all CaaX substrates is coordination of the 

Zn2+ ion by the cysteine thiolate of the CaaX peptide.  The a1 residue is positioned such 

that it is exposed to solvent and not specifically recognized by the prenyltransferase; 

consequently, a wide array of amino acids are acceptably accommodated at this position 

without a significant impact to CaaX specificity (Reid et al., 2004b). 

 Structural and kinetic studies establish the X residue as the primary determinant 

of prenylation by FTase or GGTase-I (Casey and Seabra, 1996).  In mammals, the most 

efficiently farnesylated substrates typically possess the following amino acids at the X 

position: M, Q, S, T, and A (Lane and Beese, 2006; Reid et al., 2004b).  Most substrates 

of GGTase-I terminate in L or I (Reid et al., 2004b; Yokoyama et al., 1995).  Recent 

work from this laboratory established a structural basis for the CaaX discrimination at the 

X position by GGTase-I and FTase (Reid et al., 2004b). 

 In FTase, the X-residue binding site is comprised by Y131α, A98β, S99β, W102β, 

H149β, A151β, and P152β (Reid et al., 2004b) (Figure 1.4).  Binding of CaaX substrates 

where X=Met or Gln permits polar interactions between the X residue side chain and the 

protein.  Smaller polar X residues such as Cys, Thr, and Ser are accommodated along 

with a buried water molecule in the X residue binding site that makes a hydrogen bond 
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with the protein.  The shape of the main specificity pocket of FTase is incompatible with 

some side chains that possess similar van der Waals volumes as the predominant FTase 

substrates (Leu, Asn, Ile, His).  In the case of these side chains, although the van der 

Waals volume is similar, the branching pattern of the side chain creates steric barriers to 

binding in the main specificity pocket.  Solution studies show that CaaX substrates with 

these less compatible X-residues can sometimes be turned over by FTase, the efficiency 

is low compared with canonical substrates (Hartman et al., 2005; Yokoyama et al., 1991; 

Yokoyama et al., 1995). 

 Interestingly, FTase possesses a secondary X-residue binding site that may 

accommodate non-cognate substrates.  A crystal structure was obtained with a CaaX 

substrate where X=Phe, and the side chain bound in an alternative pocket formed by 

Leu96β, S99β, W102β, W106β, A151β, the third isoprene of the lipid substrate, and the 

CaaX a2 residue (Reid et al., 2004b).  Substrates where X=Leu, Asn, Ile, or His can be 

modeled into the secondary binding site without steric clashes, providing a potential 

mechanism of farnesylation of non-cognate substrates.   

 GGTase-I possesses an X residue binding site capable of accommodating X=Leu, 

Phe, and Ile more readily than FTase.  This binding site is comprised of T49β, H121β, 

A123β, F174β, the 4th isoprene of GGPP, and the CaaX a2 residue (Reid et al., 2004b; 

Taylor et al., 2003) (Figure 1.4).  In general, this binding pocket is more hydrophobic 

than the FTase and discriminates against polar substrates, such as those that are 

efficiently farnesylated.  GGTase-I does not possess a secondary specificity pocket in the 

X residue binding site, as observed for FTase. 
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 The a2 residue site provides an additional level of substrate recognition by FTase 

or GGTase-I.  In FTase, the a2 residue is accommodated by W102β, W106β, Y361β, and 

the third isoprene of FPP (Long et al., 2000; Reid et al., 2004b) (Figure 1.4).  Although 

the pocket can accommodate many amino acids of varying van der Waals volume, this 

aromatic nature of the binding pocket dictates a preference for Leu, Phe, Ile, and Val at 

the a2 position.  The a2 residue binding site in GGTase-I is also composed of largely 

hydrophobic groups (isoprenes 3 and 4 of GGPP, F53β, L321β, and T49β) and exhibits 

similar preferences for Ile and Leu (Reid et al., 2004b; Taylor et al., 2003) (Figure 1.4).   

 The structural studies conducted in the Beese lab (described above) have led to 

the development of a predictive model for assigning CaaX substrates to either GGTase-I 

or FTase based upon sequence.  Many solution studies of peptide libraries have largely 

affirmed the strength of this predictive model (Hougland et al., 2010; Krzysiak et al., 

2007).   

However, recent studies from Carol Fierke and colleagues have further 

subdivided substrates of FTase into two categories: multiple turnover substrates (MTO) 

and single turnover substrates (STO) (Krzysiak et al., 2010).  In this study, Fierke and 

colleagues used a library of CaaX sequences to show that most MTO substrates conform 

quite well to the predictive models outlined by structural studies.  The STO substrates 

included sequences which were not predicted to be substrates for FTase based upon 

structural predictive models; however, using transient kinetics methods, Fierke and 

colleagues showed that FTase is capable of binding these sequences with reasonable 

affinity and executing a single turnover event.  
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Although a robust explanation for the STO behavior is not easily deduced by 

examination of the structure of FTase, it may be linked to product release.  As mentioned 

previously, product release by FTase and GGTase-I is accelerated by the addition of a 

fresh substrate molecule.  STO substrates can clearly be bound and farnesylated by 

FTase; however a barrier exists to the next round of chemistry.  MTO substrates may 

therefore be more efficient at displacing bound product than STO substrates.  Taken 

together, these solution studies illustrate that the a2 and X residue identities exhibit some 

unusual interplay with respect to FTase substrate selection, and that they may be 

recognized as a "unit" by the enzyme.  Furthermore, it highlights a need for additional 

studies regarding the mechanics of product release by these enzymes, which remain 

poorly understood.   

 

Inhibitors of protein prenyltransferases 

 The discovery and development of protein prenyltransferase inhibitors for the 

treatment of cancer is described by a vast literature and has been extensively reviewed 

(Basso et al., 2006; Lane and Beese, 2006; Puntambekar et al., 2007; Sousa et al., 2008; 

Takemoto and Imoto, 2007).  However, understanding the structural determinants of 

inhibitor binding in mammalian FTase and GGTase-I provides a critical framework for 

the studies presented later in this dissertation in which the structure-activity relationships 

of a new series of ethylenediamine-scaffold inhibitors are elucidated, and mammalian 

FTIs are repurposed as antifungal inhibitors.    

 FTIs and GGTIs fall into three categories:  lipid substrate analogs, peptide 

mimetics, and non-mimetic small molecule inhibitors.  X-ray crystallography has been 
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used to study representative members from each of these classes bound to FTase (Bell et 

al., 2002; Long et al., 2001; Reid and Beese, 2004; Reid et al., 2004a).  Structural studies 

with GGTase-I have been more limited.  Only two crystal structures of GGTase-I in 

complex with inhibitors have been published: one with a non-reactive analog of GGPP 

(3-aza-GGPP) bound; and the structure of anticancer clinical candidate L-778,123 bound 

(Reid et al., 2004a; Reid et al., 2004b). 

 

FPP and GGPP analog inhibitors 

 The native lipid substrates for FTase and GGTase-I bind with exceptionally high 

affinity (low nanomolar dissociation constants), and efforts to mimic these molecules for 

the purposes of developing FTIs and GGTIs have yieled numerous nanomolar inhibitors 

of the enzymes (Mu et al., 1996; Patel et al., 1995).  

 Inhibitors of this class possess two major liabilities as chemotherapeutic drugs: 1) 

the requirement for a multiply charged diphosphate moiety mimic may limit 

bioavailability; and 2) inhibition of other enzymes in the cell that require FPP or GGPP 

may result in dose-limiting toxicities (Basso et al., 2006).  Nevertheless, FPP and GGPP 

analogs have exhibited great utility in probing the structure of protein prenyltransferases.  

The FPP analog FPT-II binds to FTase with nanomolar affinity in a conformation that 

very closely approximates the binding mode of FPP.  This compound has enabled our 

laboratory to capture a number of ternary complexes of mammalian FTase with CaaX 

peptides (Reid et al., 2004b).  In later chapters of this dissertation, I have also used FPT-

II to capture ternary complexes of human pathogen FTase orthologs with CaaX peptides.   

Similarly, the non-reactive GGPP analog 3-aza-GGPP has enabled the elucidation of 
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GGTase-I ternary complexes with CaaX substrates (Reid et al., 2004b; Taylor et al., 

2003).  

 In addition to analogs of FPP and GGPP that are completely non-reactive, several 

series of compounds have been developed that are slowly reactive substrates.   These 

molecules in particular have been useful probes of the prenyltransferase mechanism.  

Poulter and colleagues developed analogs of FPP in which the 1-3 of the hydrogens at the 

C3 methyl position of the isoprenoid lipid chain have been replaced with fluorines 

(Dolence and Poulter, 1995).  The trifluoro-substituted version of this substrate exhibits 

>1000-fold decrease in turnover rate compared with the cognate FPP substrate.  It is 

thought that the substitution dramatically changes the electron-withdrawing character of 

the first isoprene, and therefore prevents the development of a carbocation at the C1 

position during the transition state (Dolence and Poulter, 1995; Huang et al., 2000).

 Poulter and colleagues have also recently described the synthesis of an FPP 

analog in which the oxygen that bridges the C1 carbon and the remainder of the 

diphosphate moiety has been changed to sulfur (FSPP) (Phan and Poulter, 2001).  

Although this compound has not yet been tested in solution studies for its ability to 

inhibit FTase-catalyzed reactions, studies with other FPP-utilizing enzymes suggest the 

presence of the sulfur affects reaction rates.  I also report the crystal structure of FSPP 

bound to FTase and discuss the implications with respect to the FTase reaction 

mechanism in a later chapter of this dissertation. 

 Finally, Gibbs and colleagues have described FPP and GGPP analogs that branch 

along the lipid chain.  Specifically, the branches are substitutions at the C3 position and 

C7 position methyl groups, replacing the groups with larger alkyl moieties (Maynor et al., 
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2008; Rawat et al., 2008; Reigard et al., 2005).  Although many of these derivatives can 

be efficiently transferred to CaaX peptides by the enzyme, several of the compounds 

exhibited unusual behavior.  Depending on the nature of the branch, many derivatives 

caused FTase to become much more selective for certain CaaX substrates than others; for 

many of the CaaX sequences described, little selectivity had been observed previously.   

The molecular mechanism by which these branched isoprenoid derivatives modulate 

selectivity for CaaX sequences is not well understood.  However, they may be of great 

utility in cellular assays as a way of favoring or inhibiting farnesylation of one CaaX 

protein, but not others.  In a biological context, such a tool may be useful to tease apart 

the complicated roles prenylated proteins play in a cell.  

 

CaaX peptidomimetic inhibitors 

 Early studies characterizing the activity of protein prenyltransferases in solution 

elucidated a surprising result: several CaaX tetrapeptides were able to inhibit the reaction 

of protein prenyltransferases, as opposed to acting as substrates.  Although peptides are 

poor drug candidates, many inhibitor scaffolds that mimicked a tetrapeptide motif were 

designed to inhibit protein prenyltransferases (Dinsmore and Bell, 2003; Ohkanda, 2002).  

Specific FTase and GGTase-I inhibitors can be designed by changing the identity of the 

substituents at the positions that would correspond to the a2 and X residues in the CaaX 

mimetic.   

 Common to all CaaX mimetics are two interactions with the enzyme that 

duplicate those of the native CaaX substrates.  The Zn2+ is coordinated by a thiol moiety, 

and a carboxyl group is bound by Q167α.  The inhibitors adopt an extended conformation 
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in the active site of the enzymes and take advantage of extensive interactions in the a2 

and X reside binding pockets.  The Beese laboratory has previously studied the Merck 

peptidomimetic inhibitor L-739,750, which is the active metabolite of the compound L-

744,832 (Long et al., 2001).   This compound was notable in that it was among the first to 

show potent tumor regression in mice, with few observable biological toxicities. 

L-744,832 possesses an ester-linked protecting group on the carboxy terminus to 

assist in cell permeability, which is later cleaved by esterases in the cell to yield an active 

inhibitor.  L-739,750 is a mimetic of the CaaX sequence CIFM.  The benzyl substituent 

of the inhibitor binds in the largely aromatic a2 residue pocket in a manner similar to that 

observed for CaaX substrates where a2=Phe (Long et al., 2001).  The sulfur of the 

methionine side chain is replaced by a sulfonyl group that permits stronger hydrogen 

bonding with the X residue binding pocket.  Although mimicking the CaaX motif 

provides a scaffold that binds in a predictable fashion that can be tailored for specificity 

in a straightforward fashion, the pharmacokinetic properties of these compounds in vivo 

has limited further development (Avendano and Menendez, 2007; Dinsmore and Bell, 

2003).   

 

Other small molecule prenyltransferase inhibitors 

 By far the most clinically successful and widely studied inhibitors of protein 

prenyltransferases are small molecules that are not substrate mimetics.  Both academic 

and industrial research groups have identified a number of drug scaffolds that are not 

only potent inhibitors of FTase and GGTase-I, but also exhibit antitumor activity in vivo.  

I shall focus this review on four FTase inhibitor scaffolds that have advanced into the  
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Figure 1.5  Clinically important FTase inhibitors.  A)  Binding mode of BMS-214662.  B)  Binding mode 
of R115777.  C)  Binding mode of L-778,123.  D)  Binding mode of SCH66336.  All inhibitors shown are 
CaaX-competive inhibitors, and all take advantage of aromatic interactions in the a2 residue binding 
pocket.  SCH66336 is unique from the other inhibitors in that it does not coordinate the catalytic zinc ion, 
and it extends significantly into the product exit groove.   
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clinic for the treatment of cancer (L-778,123, R115777, SCH66336, and BMS-214662), 

focusing on the molecular mechanisms for inhibitor binding.  Comparison of crystal 

structures of all four scaffolds bound to FTase highlights themes that are common to 

many FTI scaffolds (Figure 1.5).  Furthermore, the crystal structures of these drugs bound 

to FTase have provided a basis for the design and development of new inhibitors, such as 

an ethylenediamine scaffold that will be discussed later in this dissertation.  

 Originally developed by Merck, L-778,123 is one of the few inhibitors of FTase 

that also potently inhibits GGTase-I (Martin et al., 2004; Njoroge et al., 1997; Reid et al., 

2004a).   Fewer clinical studies of this compound have been published than for the other 

clinical candidates; however, positive responses have been reported in clinical trials for 

non-small cell lung cancer and head and neck carcinoma (Basso et al., 2006).   

 Although FTase and GGTase-I β subunits exhibit overall structural homology, 

key differences in residue composition of the active site underlie the substrate selectivity 

of these two enzymes, as described earlier in this chapter.  It is therefore unexpected that 

a single scaffold could potently inhibit both FTase and GGTase-I.  Structural studies by 

the Beese lab have elucidated the structural basis for dual inhibition by L-778,123 (Reid 

et al., 2004a).  In FTase, the drug binds in a CaaX-competitive binding mode, together 

with FPP in the active site (Figure 1.5).  The imidazole moiety coordinates the catalytic 

Zn2+ ion, while the benzonitrile moiety makes extensive interactions with the lipid chain 

of FPP.  A second key aromatic group, with a meta-chloro substituent, is bound by the a2 

residue binding pocket and is stabilized by aromatic interactions with W102β, W106β, 

and Y361β.   
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 The FTase active site differs from GGTase-I in the amount of aromatic character 

in the a2 residue site.  Y361β is replaced by a leucine, and W102β and W106β are 

replaced by threonine and phenylalanine, respectively (Reid et al., 2004b; Taylor et al., 

2003).  Surprisingly, the inhibitor adopts a GGPP-competitive binding mode in GGTase-I 

(Reid et al., 2004a).   Coordination of the catalytic Zn2+ ion by the imidazole group is 

retained, while the benzonitrile and chlorophenyl groups now bind in the regions 

normally occupied by isoprenes 2-4 of the GGPP lipid chain.  The inhibitor binds 

together with a sulfate ion from the crystallization solution, which occupies the β-

phosphate binding site.   

 The three aromatic residues of the a2 residue site in FTase comprise the region 

most often exploited by small molecule non-substrate mimetic FTIs to generate favorable 

binding energy (Bell et al., 2002; deSolms et al., 2003; Reid and Beese, 2004; Reid et al., 

2004a).  Although L-778,123 was serendipitously able to adopt a different, yet equally 

potent, binding mode in GGTase-I, the loss of aromatic character in the a2 site in 

GGTase-I is likely a major obstacle in the development of dual prenyltransferase 

inhibitors.   

 Like L-778,123, the Bristol-Myers-Squibb (BMS) compound BMS-214662 also 

takes advantage of the highly aromatic a2 site (Reid and Beese, 2004) (Figure 1.5).  BMS 

has developed several series of tetrahydrobenzodiazepine-scaffold inhibitors (a series to 

which BMS-214662 belongs), as well the related tetrahydroquinoline scaffold inhibitors 

(THQ), that are highly potent, CaaX-competitive FTIs (Ding et al., 2000; Hunt et al., 

2000; Lombardo et al., 2005).  Like most FTIs, BMS-214662 possesses a zinc-

coordinating imidazole moiety that is linked to a fused-ring scaffold.  The 
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tetrahydrobenzodiazepine fused ring system stacks on Y361β; the benzyl substituent is 

buried in the a2 residue binding site, where it makes favorable end-on-face stacking 

interactions with W102β and W106β.  The final sulfonyl-linked substituent is oriented 

toward solvent, and extensive van der Waals interactions are formed between the drug 

and FPP in the active site.   

 As the next section indicates, inhibitors based on BMS tetrahydrobenzodiazepine 

or THQ scaffolds are among the more potent inhibitors identified for FTase orthologs in 

pathogenic species, particularly malaria (Nallan et al., 2005).  Sequence alignments 

suggest that one of the dominant mechanisms by which they retain potency against the 

pathogen FTase enzymes is that the three key aromatic residues (Y361β, W102β, and 

W106β) are highly conserved across species.  

 R115777 (Tipifarnib/Zarnestra), developed by Johnson & Johnson, is one of only 

two FTIs that has progressed to Phase III clinical trials, and it shares several features with 

BMS-214662 (Rao et al., 2004; Reid and Beese, 2004; Van Cutsem et al., 2004).  In 

particular, at its core is a fused-ring quinoline scaffold that is structurally similar to the 

benzodiazepine and THQ scaffold of BMS inhibitors.  In the crystal structure, an 

imidazole moiety is observed coordinating the catalytic Zn2+ ion, while the quinoline 

scaffold exhibits aromatic stacking interactions with Y361β, as observed with BMS-

214662 (Reid and Beese, 2004) (Figure 1.5).  R115777 possesses two chlorophenyl 

moieties: one with the chloride in a para- position, and another with the chloride in a 

meta- position.  The p-chlorobenzyl is bound similarly to the benzonitrile of L-778,123, 

making extensive van der Waals contact with the lipid chain of FPP.  The m-chlorobenzyl 

is positioned similarly to the chlorobenzyl moiety of L-778,123, as well as the benzyl 
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substituent of BMS-214662: in the aromatic a2 site, making end-on-face stacking 

interactions with W102β and W106β.   

 SCH66336 (Lonafarnib) is the second FTI to proceed to Phase III clinical trials 

(Morgillo and Lee, 2006).  It is based on a tricyclic scaffold developed by Schering-

Plough that exhibits several unique features relative to other clinical candidate FTIs 

(Njoroge et al., 1998).  The crystal structure of SCH66336 bound to FTase revealed that 

it does not possess a moiety that coordinates the catalytic Zn2+ ion (Strickland et al., 

1999) (Figure 1.5).  Second, this inhibitor makes extensive contacts in the prenylated 

product exit groove, which is not observed for any other FTIs for which crystal structures 

have been published to date (Long et al., 2002; Strickland et al., 1999).  Like the other 

scaffolds discussed above, the fused ring scaffold of SCH66336 exploits end-on-face 

aromatic interactions with the tryptophan residues of the a2 residue binding site.  The 

three fused rings of the scaffold span most of the width of the CaaX-binding cleft of 

FTase, cradled between the a2 site and a second aromatic stacking partner, Y166α.  From 

the center ring of the scaffold, a linear moiety containing tandem piperidine and pyridine 

rings projects into the prenylated product exit groove.   

  

FTase and GGTase-I inhibitors for treatment of infectious diseases 

 Infectious diseases caused by eukaryotic pathogens continue to be a dominant 

threat to global health.  Over a million people die annually from infections caused by the 

malaria parasite, Plasmodium falciparum (Linares and Rodriguez, 2007).  Over 100,000 

deaths are caused by a trypanosomatid parasite, including Trypanosoma brucei (African 

Sleeping Sickness), Trypanosoma cruzi (Chagas disease), and Leishmania major 
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(leishmaniasis) (Eastman et al., 2006).  Among immunocompromised individuals 

(including HIV patients and transplant recipients), opportunistic fungal infections can 

exhibit morbidity rates as high as 40% (Pappas et al., 2007; Zaoutis et al., 2005).   

Resistance to existing antiprotozoan and antifungal therapies is rapidly increasing, 

underscoring the urgency to identify new targets for infectious disease treatment (Go, 

2003; White et al., 1998). 

Prenylated proteins play important signal transduction roles in all eukaryotes, and 

several research groups have shown that protein prenylation is critical for growth and 

proliferation of pathogenic eukaryotic microorganisms.  In this section, I shall review the 

biochemical and in vivo data that support the pursuit of FTIs and GGTIs as new 

therapeutics to treat infectious disease.     

Protein farnesyltransferase activity was first isolated from the cell lysate of 

Plasmodium falciparum (malaria) in 1998 (Chakrabarti et al., 1998).  Follow-up studies 

have resulted in the partial purification of trace amounts of PfFTase from this native 

source; however, no heterologous expression system to produce recombinant protein has 

been described (Chakrabarti et al., 2002; Nallan et al., 2005).  Consequently, biochemical 

characterization of this protein have been quite limited.  Bioinformatics analyses have 

identified the open reading frames for the α and β subunits of PfFTase in the P. 

falciparum genome.  Unexpectedly, the β subunit is predicted to be 923 amino acids, 

which is markedly larger than the mammalian ortholog (437 amino acids).  The N-

terminal 300 residues of PfFTaseβ bear no sequence homology to any other protein, 

although it is predicted to be possess secondary structural elements.  Additional insertions 

are predicted between the helices that comprise the β subunit.  The α subunit is also larger 
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than the mammalian FTase α (521 amino acids vs. 377 amino acids), although the amino 

acid insertions are smaller and limited to the loop regions between the helices.  The large 

size of the heterodimer and high A-T content of the open reading frames are presumed to 

be the major impediments to recombinant expression of this protein. 

Using the limited amounts of protein that are accessible, Chakrabarti and colleagues 

have shown that PfFTase prefers CaaX peptides with a Gln or Met as the X residue, but 

little is known about the preferences at the a2 residue position (Chakrabarti et al., 2002).  

Gelb and colleagues have conducted limited analysis of inhibitor selectivity using known 

scaffolds of FTIs (Gelb et al., 2003; Nallan et al., 2005; Ohkanda et al., 2001).  Most 

inhibitors exhibit little selectivity between the mammalian and PfFTase enzymes, which 

can be attributed to the binding of these inhibitors in the well-conserved, aromatic a2 

residue site.  One exception is the anticancer clinical candidate FTI SCH66336, which 

exhibits almost no activity against PfFTase (Professor Michael Gelb, personal 

communcation).  As described earlier, a large moiety of SCH66336 binds the exit groove 

of mammalian FTase, a region which sequence alignments predict will be highly 

divergent in this organism. 

Although few inhibitors have been identified that are selective for PfFTase over 

mammalian FTase, existing FTI scaffolds exhibit a high enough affinity for the enzyme 

to merit biological evaluation as antimalarial therapeutics.  Several studies have shown 

that Bristol-Meyers-Squibb THQ series of inhibitors exhibit promise as antimalarials, 

arresting the growth of parasites in cell culture and in mice (Bendale et al., 2007; Nallan 

et al., 2005; Olepu et al., 2008).  In addition, a new potent series of antimalarial FTIs 

based upon an etheylenediamine scaffold has been recently described (Glenn et al., 2006; 
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Glenn et al., 2005).  In a later chapter of this dissertation, the molecular determinants of 

ethylenediamine inhibitor binding and selectivity across species will be presented. 

In addition to their work with antimalarial FTIs, Gelb and colleagues have also 

described the cloning and characterization of the FTases from Trypanosoma brucei 

(TbFTase), Trypanosoma cruzi (TcFTase), and Leishmania major (LmFTase) (Buckner 

et al., 2002; Buckner et al., 2000).  Unlike PfFTase, each of these enzymes can be 

expressed in a heterologous system, facilitating more detailed characterization, including 

structural studies. FTIs also arrest the growth of each of these parasites (Yokoyama et al., 

1998a).   Furthermore, biochemical characterization has elucidated CaaX substrate 

preferences that deviate from human FTase; specically, the trypanosomatid FTases do not 

tolerate small aliphatic amnio acids (alanine) or small polar amino acids (serine) as well 

as mammalian FTase (Buckner et al., 2002; Yokoyama et al., 1998b).    Sequence 

alignments suggest that these proteins diverge at the CaaX X-residue binding site, with 

multiple substitutions relative to the mammalian enzyme.  In addition, the exit groove is 

expected to diverge as well.  In a later chapter of this dissertation, I will present the 

development of a new Escherichia coli-based expression system for TbFTase, a new 

purification method, and the preliminary crystallization of this enzyme.   

In the fungal kingdom, the protein prenyltransferases from two pathogenic species 

have been studied.  The opportunistic fungus Candida albicans is the most common 

fungal infection found in US hospitals, and the incidence of drug-resistant infections is 

rapidly rising (Mukherjee et al., 2003).  Knockout studies of the α subunit of FTase and 

GGTase-I in the organism is lethal, confirming an essential role for prenylated proteins in 

C. albicans (Song and White, 2003).  Two groups have produced recombinant GGTase-I 
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from this organism and studied its kinetic properties, and selective inhibitors with 

antifungal activity have been produced (Mayer et al., 1992; Mazur et al., 1999; Murthi et 

al., 2003; Smalera et al., 2000).  I will present the crystal structure of both C. albicans 

GGTase-I and C. albicans FTase in later chapters of this dissertation.  

In addition, work from Alspaugh and colleagues have demonstrated that the FTase 

from the pathogenic fungus Cryptococcus neoformans is essential for viability (Vallim et 

al., 2004).  C. neoformans is a major threat to transplant recipients and 

immunocompromised HIV patients and causes both respiratory and neurological 

infections (Chayakulkeeree and Perfect, 2006).  C. neoformans is also a major global 

health threat in the developing world, particularly in Sub-Saharan Africa (Park et al., 

2009).  As part of my dissertation research, I have determined the crystal structure of C. 

neoformans FTase.  In collaboration with the Alspaugh lab, we also demonstrate that 

FTIs exhibit fungicidal properties and can inhibit the prenylation of Ras in vivo in C. 

neoformans. 
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Chapter 2 

Structural basis for binding and selectivity of antimalarial and 
anticancer ethylenediamine-scaffold inhibitors to protein 

farnesyltransferase 
 

Summary 

Protein farnesyltransferase (FTase) catalyzes an essential post-translational lipid 

modification of more than 60 proteins involved in intracellular signal transduction 

networks.   FTase inhibitors have emerged as a significant target for development of 

anticancer therapeutics and, more recently, for the treatment of parasitic diseases caused 

by protozoan pathogens, including malaria (Plasmodium falciparum).  We present the X-

ray crystallographic structures of complexes of mammalian FTase with five inhibitors 

based on an ethylenediamine scaffold, two of which exhibit over 1000-fold selective 

inhibition of P. falciparum FTase.  These structures reveal the dominant determinants in 

both the inhibitor and enzyme that control binding and selectivity.  Comparison to a 

homology model constructed for the P. falciparum FTase suggests opportunities for 

further improving selectivity of a new generation of antimalarial inhibitors. 
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Introduction 

Development of protein farnesyltransferase (FTase) inhibitors (FTIs) for  

treatment of cancer has been a major focus for cancer chemotherapeutics research since 

the early 1990s (Basso et al., 2006).  Oncogenic mutant forms of human Ras superfamily 

proteins are associated with 30% of all human cancers; the transforming ability of these 

mutants is dependent upon farnesylation (Basso et al., 2006; Casey and Seabra, 1996). 

Two FTIs, Lonafarnib (Schering) and Tipifarnib (Johnson & Johnson) have advanced to 

late-stage clinical trials  for the treatment of certain cancers (Mesa, 2006; Morgillo and 

Lee, 2006).  More recently FTase has emerged as a target for development of inhibitors 

to treat parasitic diseases caused by protozoan pathogens, including malaria (Plasmodium 

falciparum), and African sleeping sickness (Trypanosoma brucei) (Eastman et al., 2006).   

FTase catalyzes the transfer of a 15-carbon isoprenoid lipid moiety to the C-

terminus of more than 60 signal transduction proteins in the eukaryotic cell, including 

members of the Rho and Ras superfamily of G proteins.  Substrate proteins are modified 

at a carboxy-terminal peptide with a Ca1a2X motif, which consists of a cysteine (the g 

sulfur is lipid modified), two generally aliphatic residues (a1a2), and a variable C-terminal 

(X) residue (Casey and Seabra, 1996).    

Crystal structures of catalytic reaction intermediates along the reaction cycle for 

mammalian FTase have been elucidated  and binding sites for substrates and products 

located  (Figure 2.1) (Long et al., 2002).  Kinetic analysis of the mechanism reveals that 

substrate binding is ordered (Dolence et al., 1995; Hightower et al., 1998).  The lipid 

complex forms first and the Ca1a2X tetrapeptide second.  Binding of the lipid substrate  
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Figure 2.1 Structural	  overview	  of	  FTase	  and	  inhibitors	  in	  the	  current	  study.  A)  α subunit, red; β 
subunit, blue; catalytic Zn2+ ion, pink.  Figure illustrates the adjacent binding sites for the lipid substrate, 
Ca1a2X substrate, and displaced product in the active site of the enzyme.  B) Chemical structures of the 
ethylenediamine-scaffold inhibitors used in the current study. 
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FPP of the next turn of the reaction cycle is required to displace the isoprenoid moiety of 

the product from its original binding site into an “exit groove” (Long et al., 2002).   The 

new Ca1a2X substrate binds after the product dissociates from the active site to continue 

the new cycle.  Kinetic studies reveal that product release is the rate limiting step in the 

reaction (Furfine et al., 1995), an observation supported by the crystal structures of the 

displaced prenylated product complexes in FTase and the related protein 

geranylgeranyltransferase-I (GGTase-I) (Long et al., 2002; Taylor et al., 2003). 

 A series of FTase inhibitors based on the ethylenediamine scaffold has been 

described recently (Glenn et al., 2006; Glenn et al., 2005).  Here we also report the 

synthesis and properties of three new inhibitors in this series (Figure 2.1).  The series is 

constructed out of relatively simple, flexible structures and can be prepared by 

straightforward chemical syntheses.   Members of this series are potent inhibitors of 

mammalian FTase (Table 2.1) and therefore may provide new leads in cancer 

chemotherapeutic development. Several compounds also exhibit nanomolar IC50s for the 

P. falciparum enzyme and are over 1000-fold selective  for P. falciparum FTase over the 

human enzyme (Table 2.1).   

 Here we present the crystal structures of five members of the ethylenediamine-

scaffold inhibitor series bound to mammalian FTase. These structures reveal two distinct 

binding modes for the inhibitors, which are different than originally predicted by 

molecular modeling, but consistent with the observed structure-activity-relationships.  Of 

particular interest is a novel binding mode in which the inhibitor occupies parts of both 

the isoprenoid and protein substrate binding sites. This bisubstrate binding mode has not 

been observed previously and provides an opportunity to exploit the isoprenoid binding  
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pocket for inhibitor design.  All members of the series coordinate the catalytic Zn2+ via 

their N-methylimidazole group, contact the a2
 residue binding site, and share a common 

moiety oriented toward the product exit groove. The structures presented provide a 

framework for refinement of inhibitor design to improve affinity for mammalian and 

parasite FTases.  Of note, these inhibitors bind to two of the most cross-species, 

structurally divergent areas of the FTase active site.  We propose that the observed 

selectivity of the ethylenediamine-scaffold inhibitor series for P. falciparum FTase is a 

consequence of inhibitor moieties contacting residues in these divergent regions. 

 

Results 

Inhibitors 

The ethylenediamine-scaffold-based FTIs (2, 4, 5, 7, and 10) studied in this work 

are illustrated in Figure 2.1, and the IC50 values for human and P. falciparum FTase are 

given in Table 2.1. 

 

FTI binding does not induce conformational changes in FTase 

The overall structure of the mammalian FTase heterodimer and the positions of 

the substrate (FPP and peptide) and product binding sites is shown in Figure 2.1. The β 

subunit (Fig 2.1A, blue) contains most of the substrate-binding residues and is partially 

enveloped by the crescent shaped α subunit (Fig. 2.1A, red).  The central cavity of the β 

subunit accommodates the substrates bound in extended conformations side-by-side, with 

extensive contact between the binding sites (Reid et al., 2004b).  The Ca1a2X substrate 

coordinates the catalytic Zn2+ via its cysteine SH group at the top of the cavity.  The  
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Figure 2.2 Analysis of monosubstrate inhibitor binding mode.   In all panels, catalytic Zn2+ ion is in pink, 
while the FTase protein is shown in gray ribbons.  A)  4 (blue) bound with FPP (red) in FTase active site.  
B) Superposition of 4:FPP structure with a Ca1a2X peptide CVIM (tan) shows the monosubstrate inhibitors 
traverse the Ca1a2X substrate binding site.  The N-Boc-piperidin-4-ylmethyl substituent of 4 is able to reach 
the X-residue binding pocket (residues in green)  C)  Superposition of 4:FPP ternary structure with a 
displaced CVIM product complex (tan) in the exit groove (residues in orange) illustrates contact between 
the inhibitor and exit groove.  D) Binding mode of 7.  E)  Binding mode of 2.  F) Superposition of 
monosubstrate compounds 7, 2, and 4 illustrate similarities in binding mode.  
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product exit groove is a shallow hydrophobic binding site located adjacent to the Ca1a2X 

binding site, opposite to the FPP binding site in the β subunit (Long et al., 2002). 

The active site of FTase does not undergo significant conformational changes 

upon substrate binding or product release (Long et al., 2002).  Binding of the ligands 

(inhibitors and isoprenoid diphosphate) observed here also does not induce significant 

structural changes in the active site.  The all-atom rmsd values for the structures 

compared with the molecular replacement search models are within the experimental 

error of the coordinates (~0.2Å).  Inhibitors 2, 4, 7, and 10 all occupy the portion of the 

active site normally occupied by protein substrate and form a ternary complex with FPP 

(Figure 2.2).  By contrast, 5 binds across both the peptide and isoprenoid binding sites, 

blocking the binding of both substrates (Figure 2.3).  FPP was included with 5 during 

introduction of inhibitor into FTase crystals (see Experimental Procedures); however only 

the inhibitor is observed in the active site.  All inhibitors share two common substituents 

oriented identically in the active site:  an N-methylimidazole moiety, which coordinates 

the catalytic Zn2+ ion in the active site; and a para-benzonitrile, which is directed toward 

the exit groove (Figures 2.2, 2.4).  The identity of the other two substituents of the 

ethylenediamine scaffold appears to direct the binding mode. 

 

Ternary complexes with 2, 4, and 7 

 As shown in Figure 2.1, 2 and 4 differ by only a single substituent:  the benzyl 

moiety of 2 is exchanged for an N-Boc-piperidin-4-ylmethyl in 4.  The binding mode of 

these two inhibitors is similar (Figures 2.2).  As described above, the para-benzonitrile 

substituent is oriented toward the product exit groove and is partially stabilized by a 
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stacking interaction with Y361β.  The binding pocket also consists of residues D359β, 

F360β, Y93β, L96β, and W106β.  Both 2 and 4 possess two N-methylimidazole moieties:  

one coordinates the catalytic Zn2+ (Figure 2.2); the second (at the sulfonamide position) is 

sandwiched between the first N-methylimidazole and the first isoprene of FPP.  There is a 

single polar contact made between the imine nitrogen of the sulfonamide position N-

methylimidazole and the side chain hydroxyl of Y361β.      

The binding of 7 is similar to that of 2 (Figures 2.2). The two variable 

substituents, R1 and the R2 sulfonyl group, bind in opposite orientations relative to 2, with 

the sulfonamide position now directed toward the a2 residue binding site.  However, the 

positions of the aromatic rings of 7 are similar to the rings at the R1 and R2 positions of 2, 

with the phenyl ring stacking next to the Zn2+-coordinating N-methylimidazole, and the 

o-methylphenyl group of 7 stabilized in a similar manner to the R1 phenyl substituent of 

2.  

 The R1 substituents of both 2 and 4 are directed toward the binding pocket for the 

Ca1a2X substrate (Figures 2.2B and 2.4). The phenyl group at this position in 2 occupies 

the a2 residue binding site (W102β, W106β, and L96β) and makes van der Waals contact 

with the lipid chain of FPP. The N-Boc-piperidin-4-ylmethyl moiety of 4 traverses the a2 

residue-binding site and reaches into the X-residue binding site, including residues S99β, 

W102β, H149β, P152β, A129α, Y131α, and N167α (Figures 2.2 and 2.4).  Two specific 

polar contacts are made between the Boc oxygen atoms and residues in the pocket, one 

each with S99β and W102β.   
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Figure 2.3 Unexpected bisubstrate binding mode of 5.  A) Superposition of 5 (blue) and FPP (red; from 
PDB 1JCR) illustrates binding of two moieties (R1 and R2) of the inhibitor in the isoprenoid binding site.  
B) Superposition of 5 with FPP (red; from PDB 1JCR) and CVIM Ca1a2X peptide (brown; from PDB 
1D8D) illustrates the bisubstrate binding mode.  C) Superposition of 5 (blue) with 10 (gray).  10 was 
designed to further explore bisubstrate binding by mimicking the lipid chain of FPP and phosphate moiety 
with a biphenyl substituent and carboxylic acid moiety.  10 clearly shifts back to monosubstrate binding, 
however it does retain sub-micromolar IC50.   D)  Double reciprocal plot illustrating mode of inhibition of 5.  
Filled circles represent titration of FPP with no inhibitor; open circles represent the identical experiment 
where 5 is present at 4µM. Two independent experiments were performed at each FPP concentration point.  
Lines intersect near y-intercept, suggesting a change in apparent Km for FPP and therefore an isoprenoid-
competitive binding mode.  1/V is given in disintegrations per minute (dpm-1) for radiolabled product using 
assay described in (Glenn et al., 2006). 
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Binary complex with 5 

Although FPP was included with 5 during introduction of the inhibitor into FTase 

crystals (see Experimental Procedures), the inhibitor binds alone in the active site and 

occupies both the FPP binding pocket and the Ca1a2X binding pocket.  Competitive 

binding of 5 with respect to isoprenoid was tested using steady-state kinetics 

measurements.  Double reciprocal plots exhibited the pattern expected for competitive 

binding with an increase in isoprenoid Km value in the presence of 5 without change in 

kcat (Figure 2.3). 

Figure 2.3 depicts the binding mode of 5 in the active site compared to natural 

substrates.  Although 5 is slightly displaced toward the isoprenoid site, the para-

benzonitrile group remains oriented toward the exit groove, and an N-methylimidazole 

substituent coordinates the Zn2+.  The o-methylphenyl sulfonamide binds in the same 

place as the second isoprene of FPP, within van der Waals contact of G250β and Y251β, 

and one of the oxygens of the sulfonamide makes a water-mediated hydrogen bond to 

Y300β.  The N-Boc-piperidin-4-ylmethyl binds in place of isoprene 3 of FPP, contacting 

residues Y205β, Y154β, W303β, C254β, and W102β.  Water-mediated hydrogen bonds 

are formed between the carbonyl oxygen of the Boc group and R202β, and also between 

the piperidine nitrogen and the indole nitrogen of W106β. 

 

Derivatives of 5 designed to explore bisubstrate binding mode 

 The unexpected binding mode of 5 prompted an investigation of the determinants 

of bisubstrate binding with several derivatives where the o-methylphenyl sulfonamide 

position was altered with additional hydrophobic and aliphatic moieties designed to 
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further mimic parts of the isoprenoid molecule.  To this end, we were successful in 

obtaining crystal structures of 7 and 10 bound to FTase.  The biphenyl functionality in 10 

was designed to mimic the lipid chain of FPP and the attached carboxylic acid group was 

intended to interact with the diphosphate binding pocket.  Compound 7 was used to 

investigate whether both the N-Boc-piperidin-4-ylmethyl and the o-methylphenyl 

sulfonamide substituents at R1 and R2, respectively, (in 5) were required to direct the 

bisubstrate binding mode, or if the o-methylphenyl sulfonamide alone was sufficient. As 

described above, 7 is a monosubstrate inhibitor (Figure 2.2), suggesting the unique 

combination of the o-methylphenyl sulfonamide and the N-Boc-piperidin-4-ylmethyl 

moiety is required to direct bisubstrate binding. 

The designed isoprenoid mimic 10 reverts to a monosubstrate binding mode and 

blocks the Ca1a2X binding site. Although 10 did not bind in the designed fashion (Figure 

2.3), it retained potency (Table 2.1) against the mammalian enzyme.  The positions of the 

Zn2+ coordinating moiety and para-benzonitrile in the exit groove are unchanged, 

underscoring the role of these substituents as a dominant pharmacophore in this series. 

Like 7, the sulfonamide position of 10 is directed toward the a2 binding site, with the first 

phenyl group stabilized similarly to 7 (Figure 2.3).  The second phenyl group stacks on 

W102β, while the acid group can form polar contacts with several residues: R202β, 

N167α, and a water-mediated hydrogen bond with H149β.  The N-Boc-piperidin-4-

ylmethyl R1 substituent of 10 extends toward the solvent making no specific polar 

interactions, similar to the a1 residue of the Ca1a2X substrate.  This substituent is within 

van der Waals distance to both the first isoprene of FPP, as well as K164α, though in 

neither case does the interaction appear to contribute significantly to binding.   
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Selectivity data for 7 and 10 (Table 2.1) support a model in which inhibitor 

interactions in the divergent Ca1a2X  X-residue binding pocket modulate selectivity.  Like 

2, which differs only at the solvent-exposed sulfonamide position, 7 exhibits only 

moderate selectivity for the P. falciparum enzyme.  10 is significantly less selective for 

the P. falciparum enzyme than either 4 or 5, despite full exploration of the Ca1a2X X-

residue binding site.  This diminished selectivity must therefore reflect the chemical 

nature of the substituent that probes this pocket (a carboxylate instead of the N-Boc-

piperidin-4-ylmethyl group).   

 

Discussion 

The conformational flexibility, potential for introducing chemical diversity, and 

the favorable bioavailability properties of the ethylenediamine-scaffold inhibitors  

engender this series with significant potential for optimization as cancer or parasitic 

disease therapeutics. A summary of the structure-activity relationships determined by 

screening and structural studies is presented in Figure 2.4.  Zn2+ coordination by R4 is 

indispensable, and two substituents (R1 and R3) are largely responsible for conferring 

selectivity profiles for mammalian and P. falciparum FTases. The fourth substituent (R2) 

does not dramatically affect selectivity, but it is critical for directing bisubstrate binding 

in 5. 

The switch from monosubstrate to bisubstrate binding modes as a consequence of 

small changes in substituent groups within a single series of FTIs is rarely observed.  In 

the case of the dual FTase and GGTase-I inhibitor, L-778,123 , small structural 

differences between the enzymes account for a switch in inhibition mode: in FTase L- 
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Figure 2.4  Homology modeling and structure-activity summary.  A) Homology model of the β subunit of 
P. falciparum FTase (gray and red ribbon) superimposed upon the β subunit of human FTase (green ribbon, 
PDB code 1TN6, chain B).  The blue surfaces represent the Ca1a2X X-residue binding site and prenylated 
product exit groove, the two most divergent areas of the active site.  The red surfaces represent the areas of 
β subunit predicted to have amino acid insertions in the P. falciparum enzyme not present in the 
mammalian enzyme.  B) The four substituents of the ethylenediamine scaffold are correlated with the 
observed structure–activity relationship data as determined by screening (Glenn et al., 2006) and crystal 
structures.  C) FTase active site surface with bound compound 4 and FPP.  Surface is colored to represent 
regions of sequence diversity:  orange, product exit groove; green, Ca1a2X X-residue binding site; gray, 
homologous residues. 4 is the most selective compound for P. falciparum FTase in the current study, and it 
contacts both regions of putative divergence in the FTase active site. 
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778,123 binds only in the peptide substrate site, whereas in GGTase-I it blocks both 

substrates.  In the L-778,123 study, subtle differences in the active sites of FTase and 

GGTase-I combined with additional sulfate (or phosphate) ions are sufficient to change 

the binding mode of L-778,123.  We observe similar effects in the ethylenediamine-

scaffold series.  Relatively subtle differences in the structure of the inhibitor are sufficient 

to redirect binding mode from monosubstrate to bisubstrate, and produce dramatically 

different selectivity profiles. 

In the absence of a crystal structure of P. falciparum FTase, only a homology 

model can be used to identify structurally divergent regions in the active sites that 

potentially can be exploited to confer inhibitor selectivity. Homology models constructed 

by two different sequence alignment schemes predict that both the product exit groove 

and the pocket that binds the X-residue of the Ca1a2X motif diverge across species 

(Figure 2.4 blue surfaces).  Other major differences between the species arise from amino 

acid insertions/deletions between helices in either subunit and as point mutations remote 

from the active site (Figure 2.4, red surfaces).  Although these loops are unlikely to affect 

catalysis directly, in aggregate these differences may alter the protein backbone 

sufficiently to impact binding of inhibitors at the active site.  A recently described crystal 

structure of a non-mammalian protein prenyltransferase, the GGTase-I from the human 

fungal pathogen Candida albicans, demonstrates that sequence divergence in the exit 

groove contributes to significant structural changes to the protein backbone of this region 

(Hast and Beese, 2008). 

Homology modeling of the P. falciparum FTase β subunit is complicated by its 

size (twice the length of mammalian FTase) and regions of high divergence. The first 300 
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amino acids exhibit no homology to either mammalian FTase or any other protein in a 

BLAST search, except FTases of related species of Plasmodium.   Consequently, several 

different alignments can be constructed in the region of first three helices of the β 

subunit, where the product exit groove is predicted to be located.  One alignment suggests 

an insertion of ~20 amino acids between helices 2 and 3 in the β subunit, thereby 

completely remodeling the exit groove.  Even alignments that lack this insertion reveal 

that the exit groove is divergent.  

All inhibitors presented here contact the product exit groove with a para-

benzonitrile moiety.  Residues that form part of the product exit groove in mammalian 

FTase lie in a 13 residue loop between helices 2β and 3β.  The equivalent loop in P. 

falciparum FTase is predicted to share little homology with mammalian FTase (Figure 

2.4).  Biphenyl moieties in place of the para-benzonitrile were poorly tolerated in 

mammalian FTase, although such derivatives retained potency against the P. falciparum 

enzyme .  Inspection of the crystal structures suggests that an additional phenyl ring 

would clash with Y93β in the exit groove (Figures 2.2, 2.4).  As described above, the exit 

groove is predicted to diverge from mammalian FTase significantly; therefore the 

tolerance of P. falciparum FTase to bulkier substituents at this position suggests that the 

highly diverged exit groove in this enzyme is more open, providing greater opportunities 

for designing selective inhibitors. 

Crystal structures of FTase bound to tetrahydroquinoline (THQ)-based FTIs 

reveal that these compounds adopt a binding mode similar to the monosubstrate 

ethylenediamine-scaffold inhibitors (Eastman et al., 2007; Van Voorhis et al., 2007).  

Inhibitors based on either scaffold share the N-methylimidazole that coordinates the Zn2+, 
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and have additional moieties that bind in the product exit groove.  The crystal structure of 

the THQ-based FTI PB-93 bound to rat FTase reveals that an N-methoxycarbonyl-

piperidiny-4-ylmethyl substituent binds in the pocket that binds the X-residue of the 

Ca1a2X motif, similar to the N-Boc-piperidin-4-ylmethyl of 4.  Both compounds are 

selective for P. falciparum FTase, highlighting the importance of the X-residue binding 

pocket and the exit groove in conferring compound selectivity.   

Two mutations in P. falciparum FTase that confer resistance to THQ-based FTIs 

have been observed (Eastman et al., 2005; Eastman et al., 2007).  Modeling the G612βA 

mutation (which corresponds to G250β in mammalian FTase) suggests a mechanism by 

which the mutation disrupts inhibitor binding by narrowing the binding site. The fused 

ring THQ scaffold is rigid and readily disrupted by mutations.  It is tempting to speculate 

that the flexible nature of the ethylenediamine scaffold may be more tolerant of 

perturbations arising from mutations.   These compounds have not yet been tested for 

activity against the THQ-resistant P. falciparum FTase mutants. 

The unexpected diversity in structural binding modes observed in this study 

provides opportunities for exploring structural differences between target FTase enzymes 

for further optimization of inhibitors that are even more selective and potent for 

mammalian and parasite FTases.  

 

Materials and methods 

Chemical synthesis 

All compounds were synthesized by the laboratory of Professor Andrew D. 

Hamilton (Yale University).  Compounds 2 and 4 were re-synthesized as described  
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previously.  Synthetic procedures and characterization data for all new compounds (5, 7 

and 10) have also been recently published (Hast et al., 2009). 

 

Protein preparation and crystallization 

 Wild type rat and human protein farnesyltransferases (rFTase and hFTase, 

respectively) were expressed and purified as previously described (Long et al., 2001; 

Park et al., 1997).  Crystals of rFTase containing a farnesylated KKKSKTKCVIM 

peptide were prepared as described (Long et al., 2002).  Similarly, crystals of wild-type 

hFTase were prepared containing farnesylated DDPTASACVLS or DDPTASACNIQ 

peptides as described (Terry et al., 2006).  All compounds were furnished as lyophilized 

solids and were solubilized in DMSO to prepare a stock solution with a concentration of 

30 mM.  Inhibitors were introduced into the FTase active site by soaking preformed 

product complex crystals in a stabilizing solution supplemented with 100 µM FPP and 

300 µM inhibitor for 5-7 days, followed by cryoprotection and flash cooling in liquid 

nitrogen as described (Reid et al., 2004b).   

 

Data collection, model building, and refinement 

X-ray diffraction data were collected at the Southeast Regional Collaborative 

Access Team (SER-CAT) 22-BM beamline at the Advanced Photon Source, Argonne 

National Laboratory. Data reduction and scaling were carried out with HKL2000 

(Otwinowski, 1998).  Phases were calculated using molecular replacement as 

implemented by PHASER in the CCP4 suite (Storoni et al., 2004).  Iterative model 

building and refinement were carried out using Coot and REFMAC5, respectively 
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(Emsley and Cowtan, 2004; Murshudov et al., 1997).    MOLPROBITY was used to 

calculate a Ramachandran plot, identify and correct rotamer outliers, and identify any 

potential steric clashes in the models (Davis et al., 2004).  Figures illustrating the 

determined structures and superpositions were prepared with Pymol (Delano, 2002).  

Data collection and refinement statistics are contained in Table 2.  The atomic 

coordinates have been deposited with the RCSB Protein Data Bank with the following 

PDB ID codes: 3E30, 3E32, 3E33, 3E34, and 3E37.  Multiple homology models of P. 

falciparum FTase were prepared with web-based servers Swiss Model (Guex and Peitsch, 

1997) and Phyre (Kelley and Sternberg, 2009) using alignments prepared by the 

modeling program based upon input crystal structure (PDB code 1TN6) or a user-defined 

alignment prepared in ClustalW (Thompson et al., 1994). 
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Chapter 3 

Crystal structure of Candida albicans protein 
geranylgeranyltransferase-I complexed with a lipid substrate 

 

Summary 

Protein geranylgeranyltransferase-I (GGTase-I) catalyzes the transfer of a 20-

carbon isoprenoid lipid to the sulfur of a cysteine residue located near the C-terminus of 

numerous cellular proteins, including members of the Rho superfamily of small GTPases 

and other essential signal transduction proteins.  In humans, GGTase-I and the 

homologous protein farnesyltransferase (FTase) are targets of anticancer therapeutics, 

due to the role small GTPases play in oncogenesis. Protein prenyltransferases are also 

essential for many fungal and protozoan pathogens that infect humans, and have therefore 

become important targets for treating infectious diseases. Candida albicans, a causative 

agent of systemic fungal infections in immunocompromised individuals, is one pathogen 

for which protein prenylation is essential for survival.  Here we present the crystal 

structure of GGTase-I from C. albicans (CaGGTase-I) in complex with its cognate lipid 

substrate, geranylgeranylpyrophosphate.  This structure provides a high-resolution picture 

of a non-mammalian protein prenyltransferase. There are significant variations between 

species in critical areas of the active site, including the isoprenoid binding pocket, as well 

as the putative product exit groove. These differences indicate the regions where specific 

protein prenyltransferase inhibitors with antifungal activity can be designed. 
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Introduction 

Candida albicans is an opportunistic pathogen associated with a variety of 

diseases, ranging from common vaginal yeast infections and oral thrush, to systemic 

fungal infections in immunocompromised individuals, such as AIDS patients and 

transplant recipients (White et al., 1998). Estimates place the morbidity rate for systemic 

C. albicans
 
infections which have reached the bloodstream between 20 and 47% (Pappas 

et al., 2007; Zaoutis et al., 2005).  In addition, emerging resistance of C. albicans to 

existing antifungal therapies such as fluconazole has prompted a search for new drugs 

(White et al., 1998).   

The protein prenylation pathway may be a potential new target for antifungal 

treatment. As described in previous chapters, prenylation is an essential post-translational 

lipid modification for more than 120 cellular proteins, including the signal transduction 

proteins in the Ras, Rho, and Rab families, PRL-family tyrosine phosphatases, 

centromeric proteins, and nuclear lamins. Most eukaryotes possess three protein 

prenyltransferases: protein farnesyltransferase (FTase) adds a 15-carbon isoprenoid lipid. 

Protein geranylgeranyltransferase-I (GGTase-I) a single 20-carbon isoprenoid lipid, and 

protein geranylgeranyltransferase-II (GGTase-II or Rab GGTase) successively adds two 

20-carbon isoprenoid lipids (Casey and Seabra, 1996).  In each case, the lipid is 

transferred to the γ sulfur of the cysteine residue.  All three protein prenyltransferases are 

obligate heterodimers and share a homologous architecture (Lane and Beese, 2006). Both 

FTase and GGTase-I prenylate a C-terminal CaaX tetrapeptide recognition sequence of 

their substrate proteins (C, cysteine; aa, two generally aliphatic residues; and X, a 

specificity determining residue).  The X-residue usually determines the cognate substrate 
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for a given enzyme. GGTase-II recognizes CC or CXC (C, cysteine; X; variable residue).   

Crystal structures of major steps along the reaction cycle for mammalian FTase 

and GGTase-I have been elucidated and are summarized in Figure 3.1 (Long et al., 2002).  

Kinetic analysis of the mechanism reveals that substrate binding is ordered. The lipid 

complex forms first, and the CaaX tetrapeptide second (Hightower et al., 1998).  The 

chemical step is followed by binding of the lipid substrate of the next turn of the reaction 

cycle, displacing the isoprenoid moiety of the product from its original binding site into 

an “exit groove” (Long et al., 2002).  The new CaaX substrate binds after the product 

dissociates from the active site to continue the new cycle.  Kinetic studies reveal that 

product release is the rate limiting step in the reaction, an observation supported by the 

crystal structures of the displaced prenylated product complexes in FTase and GGTase-I 

(Furfine et al., 1995; Long et al., 2002; Taylor et al., 2003).  Prenylation of human 

oncogenic mutants of the Ras, Rho, and Rap small GTPase families is essential for 

transformation. Consequently, FTase and GGTase-I have been a major focus of cancer 

chemotherapeutic research for over a decade.  Two FTase inhibitors, Lonafarnib 

(Schering) and Tipifarnib (Johnson & Johnson) have advanced to late-stage clinical trials 

for the treatment of cancer (Basso et al., 2006).  In lower eukaryotes, prenylation of 

essential signal transduction proteins is also required for function. In pathogenic 

microorganisms, such as C. albicans, disruption of protein prenylation of such essential 

cellular proteins has the potential for the development of new antifungal medications.  

The Ram2 gene in C. albicans encodes the common α subunit of FTase and GGTase-I; 

knockout mutations of this gene are lethal (Song and White, 2003).  A series of selective 

CaGGTase-I inhibitors has shown significant antifungal activity, suggesting that  
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Figure 3.1  The protein prenyltransferase reaction cycle, adapted from (Long et al., 2002). Enzyme 
binds the lipid substrate (red) first (complex 1), followed by CaaX tetrapeptide substrate (blue) binding 
to generate a ternary substrate complex 2. Prenylated product complex 3 is formed, and pyrophosphate 
is released. A fresh lipid substrate molecule (red) then binds to initiate a new turn of the cycle, and to 
complete the current by displacing prenylated product complex into a product exit groove (green) to 
generate 4. Displaced product is released from the active site allowing binding of a new CaaX 
substrate and continuing the cycle. 
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impairment of one of the CaaX prenyltransferase may be sufficient for effective treatment 

(Murthi et al., 2003).  In C. albicans, Rho family substrates of the GGTase-I regulate cell 

wall biogenesis, while Ras family substrates of CaFTase have been strongly implicated in 

virulence by regulating the transition from yeast to hyphe (Song and White, 2003).  

Selective inhibitors of C. albicans CaaX prenyltransferases would therefore provide tools 

for understanding morphological changes in this yeast as well as potential antifungal 

treatments.  

Here we present the crystal structure of the CaGGTase-I at 1.8 Å resolution in 

complex with its cognate lipid substrate, geranylgeranylpyrophosphate (GGPP). This 

structure reveals the structure of a non-mammalian protein prenyltransferase and provides 

high-resolution structural insights into the evolution of the protein prenyltransferase 

mechanism in lower eukaryotes and mammals. Although the yeast enzyme shares a 

similar overall architecture with its mammalian ortholog, close inspection of the active 

site reveals areas of significant divergence in critical regions. In particular, mechanisms 

of isoprenoid selection differ in the two enzymes; the putative product exit groove also 

varies significantly. We postulate that the unique structural features of CaGGTase-I will 

provide opportunities to design selective inhibitors for the development of new anti-

fungal therapeutics.   

Results 

Overall structure of  Candida albicans GGTase-1  

CaGGTase-I is an 82-kDa heterodimer consisting of 37-kDa α subunit (306 

residues) and a 45-kDa β subunit (390 residues).  Figure 3.2 shows the overall structural 

features of the enzyme. The sequence identities with respect to the mammalian ortholog  
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Figure 3.2  A) Candida albicans protein geranylgeranyltransferase-I (α subunit, red; β subunit, blue). 
Secondary structure elements for each subunit are labeled, as are the lipid substrate GGPP (green) and 
catalytic Zn2+ ion (pink). B) CaGGTase-I superimposed on mammalian GGTase-I (PDB code 1N4P, 
gray). 
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are 28% and 25% for the α and β subunits, respectively. Despite this low overall 

sequence identity, the structure of CaGGTase-I is quite similar in overall architecture to 

mammalian GGTase-I (1.58 Å rmsd calculated over all aligned α-carbon atoms, Figure 

2B).  

The CaGGTase-I α subunit is smaller than the mammalian protein (306 vs. 377 

amino acids).  CaGGTase-I lacks an amino-terminal domain rich in proline and 

glutamine residues present in the mammalian enzyme.  This domain is disordered in all 

mammalian FTase and GGTase-I structures determined to date.   Like the mammalian 

enzyme, the CaGGTase-I α subunit consists of α helices. There are 16 helices altogether, 

one short helix more than in mammalian enzyme, arranged in antiparallel pairs to form a 

crescent that envelopes part of the β subunit.  We observe variation in helix length in the 

α subunit. Helices 5α and 8α extend one helical turn longer than the corresponding 

mammalian helix, and helix 12α is approximately one helical turn shorter.  Five amino 

acids are inserted between the equivalents to12α and 13α in the mammalian enzyme and 

form an additional short helix in CaGGTase-I (13α).  

The β subunit is slightly larger than that of mammalian GGTase-I (390 residues 

vs. 377 for human GGTase-I).   Variation in loop length between the helices in the β 

subunit accounts for the additional residues. The β subunit is predominantly α-helical 

forming an α-α barrel with a central, largely hydrophobic cavity which contains most of 

the residues that bind substrate and coordinate the catalytic Zn
2+ 

ion. The CaGGTase-I β 

subunit also has two short antiparallel β sheet regions (residues 67β-76β and141β-154β) 

remote from the active site, which do not appear in the mammalian enzyme.  

Two loops (residues 176β-188β, 261β272β) and several residues at the termini 
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(1α-2α, 305α-306α; 1β) are not visible in the final electron density maps.  The disordered 

loops correspond to two areas of allelic and strain variation in the β subunit: the region 

176-188 contains a poly-asparagine tract that can vary between six and 17 residues, 

depending on strain and allele. The variant described here contains six asparagines. The 

region 261-272 contains a region rich in asparagine, aspartate, and glycine.  The number 

of repeats of these residues also varies across strains and alleles; the amino acid sequence 

of the variant reported here is KDGNGDNGNGDN.  

 

Isoprenoid substrate binding 
	  

Like mammalian GGTase-I (14), CaGGTase-I binds its isoprenoid substrate in a 

hydrophobic groove on one side of the active site cavity.  The diphosphate moiety forms 

hydrogen bonds to lysine, arginine, and histidine residues, which are all mostly conserved 

across species. Although conformation of the GGPP lipid substrate is similar to 

mammalian GGTase-I (Figure 3.3), the binding mode of the fourth isoprene in 

CaGGTase-I varies significantly (Figure 3.3).  In mammalian GGTase-I, this fourth 

isoprene is directed toward the CaaX substrate binding pocket adjacent to the isoprenoid 

pocket; in the yeast GGTase-I, the phenylalanine 99β is bulkier than threonine 127β at 

the equivalent position in rat GGTase-I, directing the fourth isoprene away from the 

CaaX binding site toward the edge of the active site cavity.  

This conformational difference suggests that the C. albicans prenyltransferases 

have an alternative mechanism for isoprenoid substrate selection. In mammalian FTase 

and GGTase-I a single residue (W102β in FTase and T49β in GGTase-I) dominates 

selection of isoprenoid length: the tryptophan in FTase presents a steric block to any  



	   72	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Figure 3.3  Isoprenoid substrate binding and selection. A) Top; a superposition of GGPP binding modes 
in CaGGTase-I (isoprenoid, green) and rat GGTase-I (isoprenoid, gray). The shift in binding mode of 
isoprene 4 is observed where the lipid contacts Phe99β in CaGGTase-I. This residue substitutes for the 
smaller Thr127β in rat GGTase-I. Bottom; a closeup of shift in isoprene 4 binding mode. View is rotated 
~45° from top. B) GGPP binding pocket in gray surface representation illustrates the channel for isoprene 
4 binding. The leucine residues (L98β and L352β in red) which line this channel permit the longer 
GGPP lipid substrate to bind. In CaFTase, these residues are replaced by tyrosines (Y259β and Y502β, 
cyan) which impinge upon the channel and occlude binding of the 20-carbon GGPP substrate, thereby 
selecting for the 15-carbon FPP substrate.
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isoprenoid lipid longer than a 15- carbon FPP, while the smaller threonine in GGTase 

permits binding of the additional five-carbon fourth GGPP isoprene (Taylor et al., 2003; 

Terry et al., 2006).  Mutagenesis of W102β to threonine converts FTase to a 

geranylgeranyltransferase.    

In CaGGTase-I, isoprenoid selection appears to be governed by two residues 

(L98β and L352β), for which there are no equivalent in mammalian GGTase I.  

Inspection of a sequence alignment of CaGGTase-I β subunit with the CaFTase β subunit 

reveals variation at the positions equivalent to these leucine residues. CaFTase is 

predicted to have two tyrosines, 502β and 259β, in this position. A homology model 

suggests that these residues impinge on the binding site for the fourth isoprene, excluding 

GGPP from the binding site and selecting for the shorter FPP (Figure 3.3).  

 

Zinc and magnesium dependence of the prenylation reaction  

Like all protein prenyltransferases studied to date, CaGGTase-I is a Zn
2+

-

dependent metalloenzyme, with the Zn
2+ 

activating the cysteine thiolate of the CaaX 

substrate for attack on the C1 carbon of the isoprenoid substrate.  The Zn
2+ 

coordination 

sphere is conserved and consists of an aspartic acid (D294β), cysteine (C296β) and 

histidine (H349β), forming a distorted pentacoordinate geometry, with two ligands 

contributed by D294β at 2.23Å and 2.38Å, a ligand from C296β at 2.00Å, and a ligand 

from the Nε of H349β at 2.29Å. Consistent with the structures of mammalian FTase and 

GGTase-I, a water molecule occupies the position of a fifth ligand.  In the mammalian 

enzymes, the water is displaced by the γ sulfur of the cysteine residue of the CaaX  
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Figure 3.4  Metal dependence of CaGGTase-I. A) Comparison of mammalian FTase D352β (Mg2+ ligand) 
and mammalian GGTase-I K311β, shows a model in which the lysine could substitute for a Mg2+ in the 
mammalian GGTase-I reaction. A proposed transition state is shown (gray sticks with red/green 
diphosphate moiety) interacting with a Mg2+ or K311β to stabilize the negative charge buildup prior to 
pyrophosphate release. B) Comparison of mammalian GGTase-I (gray) and CaGGTase-I (green). 
W312β of mammalian GGTase-I restricts the conformations of K311β and orients it toward the 
phosphate. In CaGGTase-I, aspartate D340β occupies the equivalent position to mammalian W312β but 
does not orient CaGGTase-I R339β for phosphate stabilization. Furthermore, D340β may serve to 
decreases the charge positive density in this region, thus necessitating higher Mg2+ concentration to 
stabilize the phosphate during chemistry. 



	   75	  

substrate upon peptide binding. 

Unlike the mammalian GGTase-I, CaGGTase-I is dependent on millimolar levels 

of Mg
2+ 

for its maximum reaction rate (Mazur et al., 1999).  This Mg2+ dependence is 

also observed in both mammalian and S. cerevisiae FTases, as well as S. cerevisiae 

GGTase-I (17,39-41) (Dolence and Poulter, 1995; Pickett et al., 2003a; Stirtan and 

Poulter, 1995).  A Mg
2+ 

ion is hypothesized to stabilize the diphosphate leaving group in 

the chemical step of the reaction (Figure 3.4).  Modeling of a Mg
2+

 in the crystal structure 

of mammalian FTase indicates that aspartate D352β is positioned to coordinate this ion 

next to the diphosphate leaving group in the modeled transition state (Figure 3.4). 

Mutagenesis studies further support that this residue binds Mg
2+

 (Pickett et al., 2003a). 

The structure of mammalian GGTase-I reveals that the terminal amine of a lysine side 

chain at the equivalent position could effectively substitute for Mg
2+

 at this position 

(Figure 4A).  

The CaGGTase-I structure reveals that the equivalent position to D352β or K311β 

in the mammalian enzymes is arginine 339β (Figure 3.4). At neutral pH, the positive 

charge of arginine is delocalized over the guanidinium group. In the mammalian 

GGTase-I, the orientation of K311β is restricted by a tryptophan, W312β, effectively 

directing the positive charge toward the diphosphate (Figure 4B). In CaGGTase-I, the 

residue adjacent to R339β is an aspartate, D340β (Figure 4B). We propose a two-fold 

effect: first, with a smaller neighbor (aspartate), the arginine can explore multiple 

conformations, which is supported by the observation that its guanidinium group is 

poorly ordered in the electron density; and second, the negatively charged D340β 



	   76	  

diminishes the positive charge density in this region, requiring higher Mg
2+

 levels.  The 

Mg
2+

-dependent S. cerevisiae GGTase-I has a lysine at the position equivalent to 

mammalian K311β and CaGGTase-I R339β, but the mammalian tryptophan is replaced 

by asparagine N332β (isosteric with the CaGGTase-I D340β), suggesting that the lysine 

conformation is less restricted, similar to CaGGTase-I R339β.  

 

CaaX substrate binding pocket 

In the mammalian FTase and GGTase-I, the CaaX protein substrate binds in an 

extended conformation (Figure 3.1) with the cysteine coordinating the catalytic Zn
2+

 ion 

and the carboxy terminus anchored at the bottom of the pocket by a glutamine residue 

(Q167α) (11,13,14,43-45).  In addition, the CaaX substrate makes significant van der 

Waals contact with the lipid substrate (Figure 3.1).  We expect that the extended 

conformation will be recapitulated in CaGGTase-I, with the Zn
2+

 and Q104α (equivalent 

to Q167α in mammalian GGTase-I) acting as anchor points.  

The CaGGTase-I β subunit barrel forms a large central cavity which binds the two 

substrates, similar to mammalian GGTase-I (Figures 3.1, 3.5). Despite the similar overall 

architecture, CaGGTase-I exhibits significant variation in the identities of residues 

comprising the CaaX X-residue binding site compared to the mammalian GGTase-I.     

Most of the residues within a 5 Å radius of the X-residue are non-conservative 

substitutions compared with the mammalian enzyme (Figure 3.5). This arrangement 

suggests that either there is degeneracy in the recognition of the CaaX tetrapeptide, or 

that the peptide substrates adopt a different binding mode, particularly with respect to the  
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Figure 3.5  The CaaX peptide binding site. Superposition of CaGGTase-I binary structure with rat 
GGTase-I ternary complex (PDB code 1N4Q of a GGPP analog and a CVIL CaaX substrate, 
yellow) shows the significant variation in the CaaX substrate binding site. CaGGTase-I residues 
(orange) are those which are non-conservatively substituted compared with the mammalian 
GGTase-I (gray sticks). 
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C-terminal X-residue.  The structural adaptations of the binding site to accommodate the 

GGPP fourth isoprene are also likely to effect binding of the X-residue, because the two 

substrate-binding pockets are adjacent to each other and share several residues within van 

der Waals distance of both substrates.  

 

Product exit groove  

The reaction path determined for mammalian GGTase-I and FTase reveals the 

presence of a displaced prenylated product intermediate that precedes product release 

(Figure 3.1).  The isoprenoid portion of this intermediate is bound in a solvent-exposed 

product prenylated product exit groove located adjacent to the CaaX substrate binding 

site (Figure 3.1). Product release for the mammalian protein prenyltransferases is the 

slowest step (300-fold slower relative to the catalytic step) in the reaction. The 

structurally determined pre-release intermediate product complex is consistent with this 

kinetic scheme.  

Aside from mammalian prenyltransferases, only S. cerevisiae FTase has been 

characterized by pre-steady state kinetic analysis (Mathis and Poulter, 1997).  The 

kinetically defined reaction path of S. cerevisiae FTase is similar to the mammalian 

enzymes, with the notable exception that the product release step is no longer the clearly 

dominant slow step (3-fold slower relative to the catalytic step).  This suggests that the 

product is not stably bound in this enzyme. Inspection of sequence alignment between the 

mammalian and S. cerevisiae FTase sequences reveals there is significant variation in the 

residues lining the exit groove, suggesting that the latter lacks this groove, accounting for 

the large difference in product release rate constants.  
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Figure 3.6  The prenylated product exit groove region. Superposition of CaGGTase-I (green ribbon) and 
mammalian GGTase-I (gray) reveals a significant narrowing of the exit groove. Residues 17-24β in 
CaGGTase-I (cyan) are ~4Å closer to the other wall of the exit groove than seen in mammalian GGTase- 
I, creating a gap of only 6.4Å at the narrowest point (between proline residues 21β and 347β, cyan). The 
isoprenoid moiety (red) of the displaced product cannot be accommodated in the same binding mode as 
seen in mammalian GGTase-I (PDB code 1N4S used for superposition to model the displaced product). 
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Only the steady state kinetics parameters for the CaGGTase-I have been reported, 

and its overall turnover rate is not significantly different than is reported for mammalian 

GGTase-I (0.076 s
-1

 for CaGGTase vs. 0.051 s
-1

) (Mazur et al., 1999; Smalera et al., 

2000).  The rate constants for product release are not available for CaGGTase-I. The 

crystal structure reveals significant variation in the exit groove compared with the 

mammalian enzyme (Figure 3.6).  In particular, residues 17-24 in CaGGTase-I, which 

make up one side of the putative exit groove, are positioned on average 4 Å closer to the 

other wall of the exit groove than is seen in the mammalian enzymes.  This arrangement 

narrows this groove to 6.4 Å at its narrowest point, thereby presenting a steric block to a 

displaced isoprenylated product modeled in a similar position to that observed in 

mammalian GGTase-I.  If a displaced isoprenylated product were part of the CaGGTase-I 

reaction path, it therefore must bind shallowly in the exit groove. This arrangement is 

expected to change the rate constants for product release relative to the mammalian 

counterpart. 

 

Discussion 

The CaGGTase-I structure reveals a high-resolution picture of a non-mammalian 

protein prenyltransferase. The Zn
2+

 coordination sphere, essential for all protein 

prenyltransferases, is completely conserved. Despite relatively low sequence identity, 

there is a remarkable degree of structural conservation in regions of the protein 

apparently non-essential for activity.    

By contrast, there is variation in parts of the structure involved in the molecular 

recognition of both the lipid and CaaX substrates. In spite of these differences in the 
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CaaX protein substrate binding pocket, CaGGTase-I exhibits nearly identical substrate 

preferences to the mammalian enzyme to the extent that different sequences have been 

tested.  

Furthermore, the CaGGTase-I structure shows that the recognition and release of 

isoprenylated products varies across species. In particular, the product exit groove that is 

observed in the mammalian enzyme and confers an unusual interplay between substrate 

binding and product release is lacking in the CaGGTase-I enzyme. This exit groove may 

not be required for monoprenylation but may instead be a necessary feature to confer the 

processive diprenylation observed in the in Rab GGTases.  

We propose that the structural differences observed between mammalian 

GGTase-I and CaGGTase-I will be sufficient to devise a structure-based design strategy 

to develop C. albicans–selective GGTase-I inhibitors. The variation in the CaaX binding 

pocket, particularly the X-residue recognition residues, as well as the uniquely shaped 

exit groove provide opportunities to define ligands which will be selective for the C. 

albicans enzyme. 

 

Materials and methods 

Cloning and protein expression  

C. albicans genomic DNA (strain SC5314) was obtained from the American Type 

Culture Collection. The RAM2 gene encoding the α subunit was amplified from the 

genomic DNA using standard PCR methods and Platinum Pfx High Fidelity polymerase 

(Invitrogen).  The forward primer sequence (SalI restriction site underlined) was 5’-

CTGACGCCATGGATGACAGACTCCAAATA TGAC-3’ and the reverse primer 
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sequence (NotI site underlined) was 5’CATTATGCGGCCGCTTACACCGATGTGAG-

3’.  The insert was digested with restriction enzymes SalI and NotI (New England 

Biolabs) for subcloning into the expression vector.  

Amplification of the CDC43 gene encoding β subunit was challenging, due to the 

particularly AT rich sequence.  The insert was amplified in two steps.  First, primers were 

designed to amplify from regions flanking the gene, ~250 bases upstream and 

downstream of the coding sequence.  PCR was performed using the Phusion High 

Fidelity DNA polymerase (New England Biolabs) using the manufacturer’s suggested 

procol, with the forward primer 5’TCAAACCGGCTTCTTCAAGT-3’ and the reverse 

primer 5’TGTTGATTGTGTGTGTGGGA-3’. The resulting fragment of ~1.7 kb was 

used as the PCR template for another round of PCR amplification using Taq DNA 

polymerase (Invitrogen) according to the manufacturer’s protocol with the following 

primers: forward, 5’GCGCTGCATATGAACCAACTGCTGATTAAC 

AAACATGAGAAATTTTT-3’ (NdeI restriction site underlined); reverse, 5’-

GCGCTGCTCGAGTTAATACTTTATTTTTTCT 

TTAAAAAATTGATACGATTCTTTTGTAATT G-3’ (XhoI site underlined). The 

resulting PCR product was cloned into the PCR2.1 TOPO vector using the TOPO TA 

cloning kit from Invitrogen. Plasmids isolated from colonies positive for insert 

incorporation were digested using restriction enzymes XhoI and NdeI (New England 

Biolabs) to liberate the CDC43 insert.  

The pCDFDuet-I vector (Novagen) was chosen to co-express both subunits of the 

enzyme in Escherichia coli (E. coli); the vector contains two multiple cloning sites 

(MCS) under the control of separate IPTG-inducible T7 promoters for robust co-
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expression of two gene products. The digested RAM2 gene encoding the α subunit was 

subcloned into the SalI and NotI restriction sites in MCSI of the pCDFDuet-I vector. The 

digested CDC43 gene encoding the β subunit was subcloned into the NdeI and XhoI 

restriction sites of MCSII of the pCDFDuet-I vector to achieve the final expression 

construct.  The Duke University Medical Center DNA Analysis Facility performed the 

sequence analysis to confirm error-free construction of the expression vector.  

The final construct was transformed into C41 (DE3) E. coli (AVIDIS, S.A.) for 

expression. A single colony was picked from the plate and grown overnight in a 50-mL 

LB culture supplemented with 50 mg/mL streptomycin.  The 50-mL LB culture was used 

to inoculate 2-L of LB media supplemented with streptomycin until the O.D.600 reached 

0.8, at which point the culture was induced with a final concentration of 1 mM of IPTG 

for 4 hours at 37˚C. The culture was supplemented with 300 µM Zn(SO4)2 at induction. 

Cells were harvested at 6000xg and the cell paste could be flash frozen in liquid nitrogen 

and stored at -80 ˚C for several months.   

Protein purification  

Cell paste was resuspended in a 10-fold volume of Buffer A (20mM Tris pH 7.7, 

5 mM DTT, 5µM ZnCl2) supplemented with SigmaFast general use protease inhibitor 

tablets (Sigma). Cells were lysed using a pressurized homogenizer (Microfluidics Corp.) 

and the resulting crude lysate was clarified by centrifugation at 45,000xg for 30 minutes.  

The lysate was first applied to a DEAE sepharose column and fractionated using gradient 

from Buffer A + 150 mM NaCl to Buffer A + 300mM NaCl over 8 column volumes.  

The fractions containing CaGGTase-I as determined by SDS-PAGE were pooled and 

brought to a final concentration of 0.8M (NH4)2SO4 by two-fold dilution with Buffer A 
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+ 1.6M (NH4)2SO4. As with the purification of mammalian GGTase-I, a two-fold molar 

excess of GGPP was added to the pooled fractions at this point as well and the mixture 

was stirred at 4˚ for 20 minutes before application to the column.  The GGPP putatively 

displaces nonspecifically bound lipids in the active site of the molecule and results in a 

narrower elution peak from the Phenyl Sepharose column. After incubation with GGPP, 

the protein was applied to a Phenyl Sepharose column pre-equilibrated in Buffer A + 

0.8M (NH4)2SO4, and fractionated using a gradient of Buffer A + 0.8 M (NH4)2SO4 to 

Buffer A over 8 column volumes. The fractions containing CaGGTase-I (SDSPAGE) 

were pooled and adjusted to 10 mS/cm conductivity by dilution in Buffer A (Thermo 

Scientific conductivity meter) and applied to a Q-Sepharose column pre-equilibrated in 

Buffer A + 150mM NaCl.  The protein was fractionated using a gradient from Buffer A + 

150mM NaCl to Buffer A + 350mM NaCl over 8 column volumes. The fractions 

containing CaGGTase-I (SDSPAGE) were concentrated to 0.5mL total volume using a 

centrifugal concentrator (50-kDa MWCO, Amicon), and applied to a 120-mL Superdex 

16/10 gel filtration column equilibrated in Buffer A.  The final fractions containing 

CaGGTase-I (SDSPAGE) were concentrated again in a centrifugal concentrator (50-kDa 

MWCO, Amicon) to 15 mg/mL, flash frozen in liquid nitrogen, and stored at -80˚C. 

Typical yield was approximately 3-5 mg purified CaGGTase-I per liter of E. coli culture.  

Crystallization and data collection  

GGPP was added to an aliquot of protein at a 0.5:1 GGPP:protein ratio for 30 

minutes prior to setting up the crystallization drop. CaGGTase-I crystals were grown in 

hanging drop format in which 1 µL of protein solution was mixed with 1 µL of well 

solution consisting of 25% PEG 1500 and 1x PCB buffer pH 7.0 (100 mL of 10x PCB  
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Table 3.1  Crystallographic data collection and refinement statistics. 

	  

Resolution range Å 37.0 – 1.8 

Data Collection ANL-APS SER-CAT 

Reflections, unique/total 63,895 / 230,601 

I/σI*  32.3 (3.10) 

Rsym, %* 9.3 (37.6) 

Unit Cell 
     Dimensions (Å) 
     Angles (˚) 

a = 132.3  
b = 66.1 
c = 82.9   
α = γ = 90; β = 100.1 

Space group C2 

Completeness %* 100 (97.0) 

Non-hydrogen atoms in refinement 
     Protein 
     Solvent 

 
5582 
471 

Rcryst / Rfree 19.2 / 23.0 

Rmsd from ideal bond length, Å 0.009 

Rmsd from ideal bond angles, ˚ 1.16 

Overall isotropic B factor, Å2 27.3 

Ramachandran plot 
     Favored, % 
     Allowed, % 

 
97.7 
100 

	  	  	  	  	  	  	  *data in parentheses are for the highest resolution shell
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contains 3.84g sodium propionate, 4.28g sodium cacodylate, and 11.29 g Bis-Tris 

propane). Crystals appeared within 2-3 days and grew as long thin rods, with typical 

dimensions 400 µm x 50 µm x 50 µm.  Prior to data collection, crystals were transferred 

to a stabilizing solution containing 1x PCB buffer pH 7.0, 30% PEG 1500, followed by 

cryoprotection in stabilizing solution plus 10% ethylene glycol.  Crystals were flash 

frozen in liquid nitrogen. Diffraction data were collected at Southeast Regional 

Collaborative Access Team (SER-CAT) 22-ID beamline at the Advanced Photon Source, 

Argonne National Laboratory at 100K. Crystals diffract beyond 1.7 Å resolution; a 

complete data set was collected to 1.8 Å resolution (Table 1). CaGGTase-I crystallized in 

space group C2 (a=132.3 Å , b=66.05 Å, c=82.8 Å, α=γ=90.0˚, β=100.0˚) with one 

molecule in the asymmetric unit. HKL2000 was used for data reduction and scaling 

(Otwinowski, 1998).  

 

Structure solution and refinement  

The CaGGTase-I structure was determined by molecular replacement using 

PHASER (Storoni et al., 2004).  A homology model derived from the rat GGTase-I 

structure (PDB code 1N4P, chains A and B) was constructed using MODELLER and 

subsequently used as the search model (Eswar et al., 2008).  A cycle of simulated 

annealing was then performed on the solution in CNS (Brünger et al., 1998), which gave 

an R factor of 41.4%.  ARP/wARP (Cohen et al., 2008) was then used to retrace the 

model, properly fitting regions not successfully fit into the density by the simulated 

annealing refinement; iterative automated chain tracing with ARP/wARP and refinement 

in REFMAC5 produced a model with an R factor of 22.3%.  Manual building and 
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refinement in COOT (Emsley and Cowtan, 2004) and REFMAC5 (Murshudov et al., 

1997), respectively, were carried out to correctly build termini, rebuild several loop 

regions, and fit ligands and water molecules.  The final R / Rfree of the model are 19.8% / 

23.7%. MOLPROBITY and composite omit electron density maps were used to validate 

the quality of the model (Davis et al., 2004). PYMOL was used to perform structure-

based alignments and to prepare all figures. The atomic coordinates and structure factors 

(PDB code 3DRA) have been deposited with the Protein Data Bank, Research 

Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ; 

http://www.rcsb.org). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   88	  

Chapter 4 

Repurposing anticancer protein farnesyltransferase inhibitors as 
antifungal agents targeting the AIDS-associated pathogen Cryptococcus 

neoformans 
 

Summary 

Cryptococcus neoformans is a human fungal pathogen that causes life-threatening 

respiratory and neurological infections in immunocompromised individuals, including 

transplant recipients and HIV patients.  An ortholog of protein farnesyltransferase 

(FTase) that is essential for viability has been identified as a potential drug target in C. 

neoformans.  FTase catalyzes a critical post-translational lipid modification of over 60 

important signal transduction proteins in the eukaryotic cell.  We show that previously 

identified FTase inhibitors (FTIs) exhibit fungicidal activity against C. neoformans.  The 

natural product FTI Manumycin A is the most potent C. neoformans fungicide and causes 

mislocalization of Ras1 in the organism. We present a series of crystal structures of the 

essential C. neoformans FTase (CnFTase) in complex with substrates and FTIs and 

identify ligand-binding motifs structurally divergent from human FTase, including a 

unique mobile loop that stabilizes peptide binding.  Our combined structural and 

functional studies facilitate the design of potent and selective FTIs targeted against 

invasive fungal infections.  
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Introduction 

 Cryptococcus neoformans is an opportunistic human fungal pathogen that can 

cause life-threatening respiratory and neurological infections.  Once an infrequent cause 

of disease in highly immunocompromised patients, this fungus has become a major 

pathogen in patients with HIV infections (Mitchell and Perfect, 1995).	  	  	  The incidence of 

C. neoformans infections is also increasing in transplant recipients.  Globally, almost a 

million cases of cryptococcal meningitis are reported each year, with deaths totaling over 

half a million (Park et al., 2009). These statistics highlight the magnitude of the threat of 

C. neoformans infections to global health, particularly in regions in which the incidence 

of AIDS is high.  C. neoformans now exceeds tuberculosis as the fourth most common 

imminent cause of death by infectious disease in patients with AIDS in sub-Saharan 

Africa (Park et al., 2009). 

Currently, invasive fungal infections are treated by a limited number of antifungal 

agents, including polyenes (amphotericin B-based drugs), echinocandins, antimetabolites 

(flucytosine), and azoles.  Of these, only the polyenes, azoles, and flucytosine have 

activity against C. neoformans infections (Perfect et al., 2010).  Drug toxicity and 

antifungal resistance often limit the use of these medications (Rex et al., 2001).  There is 

therefore an urgent need to develop new antifungal therapeutics.  Since fungi are 

eukaryotes, it has been challenging to identify biological processes or components that 

are sufficiently distinct from humans to warrant consideration as targets for antimicrobial 

therapy.  Moreover, consistent with the goals for treating important threats to global 

health, the cost of delivering new antifungal drugs for use in developing countries must 

remain low.  One successful strategy for developing low-cost therapeutics for neglected 
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diseases is to re-purpose and iteratively improve existing drugs originally developed for 

other therapies (Gelb et al., 2003).   

For over a decade, inhibitors of protein farnesyltransferase (FTIs) have been 

under investigation as cancer chemotherapeutics. Recently, several such FTIs have been 

found to exhibit activity against microbial pathogens such as Plasmodium falciparum 

(malaria), Trypanosoma brucei (African Sleeping Sickness), and Leishmania major 

(leishmaniasis) (Eastman et al., 2006).  Here we report that FTase may also be an 

attractive new target for the development of low-cost antifungal therapeutics targeted 

against C. neoformans.   

FTase is a ubiquitous eukaryotic enzyme that catalyzes post-translational 

lipidation of the C-terminus of over 60 signal transduction proteins, including the Ras 

superfamily of small GTPases, PEX19, and PRL tyrosine phosphatases (Casey and 

Seabra, 1996).  Farnesylation is critical for membrane anchoring and function of many 

small GTPases.  Protein substrates of FTase bear a C-terminal sequence CaaX motif: 

cysteine (C), two generally aliphatic residues (aa), and a variable (X) residue.  The 

identity of the X-residue is the dominant specificity determinant that distinguishes 

prenylation by FTase from the homologous enzyme geranylgeranyltransferase-I 

(GGTase-I) (Reid et al., 2004b).  The lipid substrates of FTase and GGTase are the 15-

carbon isoprenoid farnesyl pyrophosphate (FPP), and the 20-carbon isoprenoid 

geranylgeranyl pyrophosphate (GGPP), respectively.  

Catalysis by FTase requires a zinc ion, which activates the cysteine thiolate of the 

CaaX peptide for attack on the C1 carbon of FPP (Huang et al., 2000).  In mammalian 

FTase, a transiently associated magnesium ion enhances the rate of catalysis (Pickett et 



	   91	  

al., 2003a).  Reaction intermediates have been structurally defined in mammalian FTase 

and GGTase-I by a series of crystallographic snapshots taken along the reaction 

coordinate, corroborated by kinetic studies (Long et al., 2002).   In FTase and GGTase-I, 

the enzyme structure remains rigid, whereas the isoprenoid substrate undergoes 

conformational rearrangement during the reaction cycle.  The slow step in the reaction is 

product release, which is accelerated by addition of the next lipid substrate molecule.  A 

structural intermediate of the mammalian enzyme reveals that prior to its release, the 

lipidated peptide product is displaced into a shallow, hydrophobic "exit groove" 

positioned adjacent to the active site.  Such detailed understanding of the structural 

features of the FTase active site and reaction mechanism has enhanced the development 

of specific inhibitors of mammalian FTase. 

In mammals, FTase is dispensable for adult homeostasis, although required during 

stages of embryonic development (Mijimolle et al., 2005).  In Saccharomyces cerevisiae, 

deletion of FTase results in alterations in cell fitness, but the enzyme itself is not essential 

(He et al., 1991b; Trueblood et al., 1993).  In these organisms, loss of FTase activity can 

be compensated for by GGTase-I (Trueblood et al., 1993; Whyte et al., 1997).  By 

contrast, the C. neoformans FTase (CnFTase) is essential for viability (Vallim et al., 

2004).  Here we show that several previously developed FTIs inhibit CnFTase and 

exhibit C. neoformans fungicidal activity.  Manumycin A, in particular, has potent 

fungicidal activity.  It also interferes with localization of Ras1 at the cell membrane of C. 

neoformans, as would be expected in the absence of the lipidation of this protein.   

CnFTase possesses only 34% sequence identity and 47% sequence homology to 

the human ortholog.  We report the X-ray structures of CnFTase with several of its 
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substrate and inhibitor complexes.  Although the structure overall is homologous to 

mammalian FTase, sequence differences in the active site affect substrate and product 

binding and provide divergent binding sites for homolog-specific inhibitors.  These 

variations can therefore be exploited to derivatize known inhibitor scaffolds to improve 

potency and selectivity.  Finally, unlike the mammalian enzymes, CnFTase exhibits 

substrate-induced conformational changes.   Taken together, these data provide 

compelling evidence that the essential FTase of C. neoformans is an attractive drug 

target.  Additionally, these studies offer a paradigm by which known FTI scaffolds may 

be repurposed to accelerate and lower the cost of novel antifungal inhibitor development. 

 

Results 

 Inhibition of fungal cell growth by farnesyltransferase inhibitors.  

It has been shown that C. neoformans ras1Δ mutants exhibit a temperature-

sensitive phenotype and are unable to grow at 37°C; additionally, signal transduction 

through CnRas1 requires membrane localization via lipidation (Nichols et al., 2009).  

Here we show that this phenotype can be mimicked chemically by inhibition of FTase.  

We tested the antifungal activity of several FTIs that are either commercially available or 

that have been recently described in the literature.  Using disc diffusion assays to rapidly 

screen through multiple compounds, we subsequently confirmed antifungal activity of 

promising leads with standard determination of minimal inhibitory concentration (MIC) 

in liquid cell culture.  Concentrated solutions of the farnesyltransferase inhibitors in 

DMSO were added to sterile cotton discs and placed on C. neoformans plate cultures.  

Zones of growth inhibition around the discs indicate antimicrobial activity.  A potent  
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Figure 4.1 In vivo effects of Manumycin A treatment.  A)  Disc diffusion assay for assessment of inhibition 
of fungal growth.  C. neoformans wild-type strain H99 was incubated on YNB medium for 48h, with sterile 
cotton discs containing 5µL inhibitor from DMSO stock.  Clockwise from top on each plate: Manumycin 
A, L-744,832 (peptidomimetic FTI), cyclosporin A (positive control), FK506 (positive control), and GGTI-
287 (peptidomimetic GGTI).  Figure shows modest activity from L-744,832, but pronounced growth 
inhibition by Manumycin A.  Inhibition is temperature-sensitive.  B) GFP-CnRas1 mislocalization upon 
Manumycin A treatment.   Images of C. neoformans cells expressing a GFP-tagged Ras1 treated with 
indicated concentrations of Manumycin A (or DMSO control).   In DMSO control and low concentration 
samples, GFP-CnRas1 localizes to plasma membrane of cells and endomembranous structures.  At high 
concentrations of Manumycin A, however, most GFP-CnRas1 is not localized to plasma membrane and 
instead exhibits diffuse localization in cytosol  C)  Killing assay shows the rapid decrease in viable  C. 
neoformans cells in culture when treated with Manumycin A at concentrations of 2.5, 5, and 10µM.  D)  
Chemical structure of Manumycin A. 
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peptidomimetic inhibitor of mammalian FTase, L-744,832 (Sigma-Aldrich, Inc.), shows a 

modest but detectable antifungal effect.  However, the natural product mammalian FTase 

inhibitor Manumycin A (Cayman Chemical) exhibits the greatest activity (Figure 4.1), 

with an MIC of 2.5 µM in liquid medium.  Antifungal effects of these compounds are 

more pronounced at 37°C, an otherwise permissive growth temperature for wild-type 

strains.  

To assess whether Manumycin A results in growth inhibition or fungal cell 

killing, we incubated C. neoformans cells to mid-logarithmic phase and exposed them to 

varying concentrations of Manumycin A.  The viability of the cells over time was 

assessed by quantitative culture.  The antifungal action of Manumycin A results in rapid 

cell killing of C. neoformans (Figure 4.1). After four hours of incubation in 2.5 µM 

Manumycin A, there were no viable C. neoformans cells in the culture. 

 

FTase inhibitor affects CnRas1 localization in vivo  

To assess the effect of Manumycin A on CnRas1 localization, a strain expressing 

an N-terminal GFP-CnRas1 fusion protein was incubated in the presence of the drug and 

studied by epifluorescent microscopy.  This fusion protein was previously demonstrated 

to be functional, complementing mutant phenotypes of a C. neoformans ras1 mutant 

strain (Nichols et al., 2009).  Incubation of the GFP-CnRas1 strain in varying 

concentrations of Manumycin A resulted in a dose-dependent failure of CnRas1 

localization to membranes, consistent with defective farnesylation of this protein (Figure 

4.1). 
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Crystal structure of CnFTase   

CnFTase crystallizes in the tetragonal space group P43212 with one heterodimer in 

the asymmetric unit and a solvent content of ~64%.   In the final model, 790/856 residues 

are visible in the electron density map.  The final model of a CnFTase ternary complex 

with FPT-II (a non-reactive analog of the lipid substrate FPP) and the peptide 

KKKSKTKCVIM has been refined to an  Rcryst and Rfree of 20.1% and 23.5%, 

respectively, exhibits good residue stereochemistry and an overall isotropic B factor of 41 

Å3.   Crystal structures of other inhibitor and substrate complexes have been determined 

to a resolution of 2.1Å to 2.6Å, with similar statistics (Table 4.2). 

CnFTase (Figure 3) is a 96-kDa heterodimer comprised of an α (336 residues, 40 

kDa) and β subunit (520 residues, 56 kDa).  The overall architecture of CnFTase is 

similar to the previously determined mammalian protein prenyltransferases (Figure 3):  

the r.m.s.d between hFTase and CnFTase over all aligned Cα atoms is 1.9Å.  The 15 anti-

parallel α-helices in the α subunit form a crescent-shaped domain that partially envelops 

the β subunit.  The β subunit contains two additional α helices compared to hFTase.  

These helices do not perturb the α-α barrel core of the β-subunit; they are accommodated 

within the surface opposite of the heterodimeric interface and active site cavity.  The 

helices correspond to an insertion into a hFTase loop (residues 378β-381β).  Other 

insertions in CnFTase relative to hFTase are located at N- and C-termini, or within 

surface loops remote from the active site. Many insertions are disordered in the difference 

Fourier electron density maps, or composite omit maps.   

The ternary complex with FPT-II and CaaX peptide reveals that the locations of 

the substrate-binding grooves in the active site are conserved relative to hFTase (Figure  
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Figure 4.2  Structural overview of CnFTase.  A) Surface representation of CnFTase.  Alpha subunit is in 
red, and beta subunit is in dark gray.  The active site cavity is in yellow surface, and the prenylated product 
exit groove is in blue surface.  B) Overview of active site showing relative locations of lipid substrate and 
CaaX substrate binding pockets, as well as the product exit groove.  Lipid substrate analog FPT-II is in 
organge, CaaX peptide in yellow, catalytic zinc ion in pink, and the exit groove position is indicated on the 
right side of the figure.  C)  Ribbon representation of CnFTase (alpha subunit in red; beta subunit in blue) 
superimposed on hFTase (gray).  Yellow helices correspond to a large insertion in CnFTase beta subunit 
relative to hFTase.   
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3).  The lipid and peptide bind side-by-side in extended conformations with extensive van 

der Waals contact between the ligands.   The N-terminus of the CaaX motif is anchored 

at the catalytic zinc ion and the C-terminus is anchored by a conserved glutamine in the 

alpha subunit (human: Q167α; CnFTase: Q110α).  The catalytic zinc is coordinated by 

the cysteine thiolate of the CaaX peptide, D323β, C325β, and H410β, forming a distorted 

pentacoordinate geometry as observed in mammalian FTase. 

A putative product exit groove is located adjacent to the substrate binding sites 

(Figure 4.2, 4.6), and may accommodate the displaced isoprenylated product, similar to 

mammalian FTase.  By analogy to similar studies in hFTase, this groove may play an 

important role in inhibitor binding in CnFTase (Hast et al., 2009; Strickland et al., 1999).  

Significant differences between the protein sequences are observed in the peptide binding 

site and product exit groove.  Here we demonstrate that, although the chemical 

mechanism of FTase is conserved, the sequence variations encode key differences in 

substrate and inhibitor selection. 

 

Catalytically active crystals reveal conserved mechanism of farnesylation 

In mammalian FTase the major structural intermediates along the reaction 

coordinate can be captured in the crystal, including a stably bound isoprenylated product 

(Long et al., 2002).  The structure of this enzyme remains essentially unchanged 

throughout the reaction cycle.  However, the FPP substrate undergoes a relatively large 

conformational change in which the C1 carbon moves into the vicinity of the catalytic 

zinc ion.  The peptide does not move until after formation of the farnesyl adduct, at which 

point the lipidated product is partially displaced to the exit groove.  Bond formation is  
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Figure 4.3. Divalent ion-accelerated farnesylation reaction in the crystal.  A)  Left, ternary complex 
between FSPP (a catalytically competent, but slow-reacting FPP analog) and CaaX peptide CNIQ.  Blue 
density is 2Fo-Fc  electron density at 1.2 sigma.  Green density is Fo-Fc difference density at 3.5 sigma.  
Right, 2Fo-Fc density for farnesylated product complex after soaking a crystal containing ternary 
FSPP:CaaX complex (A) in 50mM MgCl2 for 2h at 17°C.  Additional density in the diphosphate binding 
pocket was interpreted to be a sulfate ion from the crystallization buffer.  B)  Comparison of substrate and 
product complex structures. 
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accelerated by Mg2+, which is transiently coordinated by an aspartic acid (D352β in 

hFTase, conserved in CnFTase as D400β) and stabilizes the diphosphate leaving group 

(Pickett et al., 2003a). 

 To investigate the reaction mechanism of CnFTase we crystallized the enzyme 

with a CaaX peptide (DDPTASACNIQ) and the FPP analog FSPP (Echelon, Inc.), in 

which the bridging oxygen between the alkyl chain and the diphosphate group is replaced 

with sulfur.  Crystals were soaked in a stabilization solution in the absence or presence of 

50 mM Mg2+ or Mn2+ for 2h prior to cryoprotection and X-ray data collection. 

 In the absence of metal, FSPP and the CaaX peptide do not react (Fo-Fc electron 

density maps indicate only minor formation of isoprenylated product, whereas in the 

presence of Mg2+ or Mn2+, the substrates are fully converted into isoprenylated product 

(Figure 4.3).  Both the unreacted substrate and product complexes are similar to the 

mammalian FTase structures (0.3Å rmsd superposition), indicating a common enzyme 

mechanism. 

 

Helix 4α-5α substrate-dependent conformational change 

 Unlike the mammalian FTases, which remain rigid throughout the reaction cycle, 

CnFTase undergoes a conformational change upon peptide binding.  The peptide 

complex is similar to the mammalian structure (Figure 4.4).  However, in the apo and 

inhibitor complex structures, the last turn of helix 4α and the loop between helix 4α and 

5α move outwards by ~7Å, as measured by the distance between the Cα position of 

residue K107α, which is positioned in the middle of the loop.  The rearrangement 

involves residues 99α-108α, and 107α contacts the peptide substrate directly through a  
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Figure 4.4  CaaX-dependent helix 4α-5α conformational switch.  A)  Comparison of helix 4α-5α loop in 
hFTase (cyan) and CnFTase (orange).  Conformation in CaaX-bound state is similar, and CnFTase K107α 
(K164α, hFTase) makes a hydrogen bond with the carbonyl oxygen of the residue immediately upstream 
from the CaaX cysteine.  B)  Superposition of CnFTase helix 4α-5α loop in the CaaX-bound conformation 
(orange) or the Apo/non-CaaX complex conformation (gray).  The Cα of K107α moves ~7Å in this 
transition.  Non-CaaX conformation will be critical for inhibitor design. 
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hydrogen bond (Figure 4.4).   In mammalian FTase, mutagenesis of the conserved lysine 

residue to alanine (K164α in hFTase corresponds to K107α) results in a decrease in 

turnover rate, suggesting this loop plays an important role in stabilizing peptide binding 

to the enzyme (Pickett et al., 2003b). 

 

Structural determinants of CaaX substrate selection 

The identity of the a2 and X residues determines CaaX recognition and specificity. 

Understanding the mechanisms of CaaX substrate selection is important for successful 

design of inhibitors that compete with peptide binding.  Some of the most potent FTIs are 

substrate mimetics, including L-744,832 (Long et al., 2001), which exhibits mild 

antifungal activity against C. neoformans in our disc diffusion and MIC assays (see 

above).  

The CaaX binding pocket of CnFTase diverges from hFTase in the critical X and 

A2 residue binding sites (Figure 6).  In the case of the a2 site, a non-conservative residue 

substitution from Tyr (hFTase, position 365β) to Asn (CnFTase, position 413β).  This 

difference may affect a2 specificity by deepening the cavity in this region relative to the 

human ortholog.   In the X-residue site, most residues are conserved, with the exception 

of an alanine (hFTase A151β) to leucine (CnFTase L141β) substitution.  However the Cα 

positions of the residues lining the X-residue pocket are slightly diverged relative to 

human FTase.  The aggregate effect of these deviations in Cα positions is to alter the 

cavity volume available to the CaaX X-residue.   

 We characterized the selectivity at the X-position experimentally in a set of 19 

CnRas1-CVVX variants, using a fluorescent FPP analog (Figure 6).  Attempts to express  
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Figure 4.5	  

	  
	  
	  
	  



	   103	  

	  
	  
Figure	  4.5 Structural variation in CaaX substrate binding site.  A)  Comparison of hFTase (gray) and 
CnFTase  (blue ribbon, orange and red sticks) CaaX binding pockets.  CaaX peptide (sequence CVIM) is in 
yellow and gray sticks for CnFTase and hFTase, respectively.  CnFTase residues are colored by region: 
orange for X-residue binding site; red for a2 residue binding site.  Superposition in X-residue binding site 
illustrates residue conservation, but also highlights deviations in backbone position.  B and C) In the a2 
residue binding site, substitution of tyrosine (hFTase) with asparagine (N413β) in CnFTase creates a deeper 
a2 pocket that is filled with solvent.  Deep cavity presents opportunites to develop selective inhibitors	  
 

a 20th variant, CnRas1-CVVW, in soluble form failed.  As expected, residues that 

charged or are too large for the X pocket are not substrates (Table 4.1).  CnFTase 

farnesylates most of the same substrates as mammalian FTase; however, it farnesylates 

X=Ala and Leu substrates more robustly than the mammalian ortholog.  The more 

efficient farnesylation of X=Leu substrate can be rationalized by structural differences in 

the X-residue binding pocket that may permit leucine to bind with fewer steric clashes in 

CnFTase compared to the mammalian enzyme. 

Analysis of potential C-terminal CaaX tetrapeptides in all open reading frames of 

the C. neoformans genome reveals that the distribution of X residues is relatively narrow: 

the residues L, I, A, and M make up ~75% of all potential X-residues (Table 4.1).  The a2 

position exhibits a wider distribution, although it remains slightly biased toward aliphatic 

residues.  In general, we find that CnFTase is able to farnesylate most of the commonly 

occurring X-residues in our substrate modification assay, with an invariant a2 residue 

(Val).   

Recent studies of mammalian FTase suggest that the A2 and X residues are not 

recognized independently, and residue identities at either position can modulate 

selectivity at the other (Hougland et al., 2010; Krzysiak et al., 2010).  Although our 

substrate diversity does not explore pairwise-encoded specificity, the observed  
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X 
Residue 

Activity 
mammalian 

FTase 

Activity 
C. neoformans 

FTase 
Selectivity 

Frequency of 
occurrence                    

C. neoformans 
CaaX motifs 
(percentage)  

L - + CnFTase 19.6 

I + + none 16.2 

A + + CnFTase 15.5 

M + + none 14.9 

V + + none 10.8 

Q + + none 6.7 

N + + none 6.1 

G - - N/A 2.7 

Y - + CnFTase 2.7 

C - - none 2.0 

H + - 
Mammalian 

FTase 2.0 

T + - 
Mammalian 

FTase 2.0 

P - - N/A 0.7 

S + - 
Mammalian 

FTase 0.7 

F + - 
Mammalian 

FTase 0 
 
Table 4.1  Substrate modification assay examines CaaX selectivity.  The 20 CnRas-CVVX variants are 
listed according to X residue identity in the leftmost column. To be considered a substrate, a fluorescent 
band indicating farnesylation of CnRas was detected in at least one of the CnRas-CVVX substrate 
concentrations (between 0.5µM and 10µM) using constant enzyme and lipid concentrations of 1µM and 
10µM, respectively.  Selectivity was noted when the intensity of the bands differed at equivalent CnRas-
CVVX concentrations differed between CnFTase and mammalian FTase.  The far-right column indicates 
the percentage of all C. neoformans open reading frames bearing a C-terminal CaaX sequence with 
indicated X-residue.   Approximately 170 ORFs were returned using a Prosite motif scan of the Uniprot 
database.  Sequences were not pruned from this analysis by annotation of function or whether a mammalian 
homolog is known to be prenylated (or not). 
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Figure 4.6  Structural divergence in the product exit groove.  A model of displaced farnesylated product 
into the CnFTase exit groove (blue) after superposition with mammalian FTase exit groove (gray).  
Displaced product can be modeled without steric clashes; however the shape and residue composition of 
the exit groove diverge significantly.  CnFTase exit groove is much wider than hFTase exit groove and may 
provide opportunities to design selective inhibitors. 
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differences in substrate selection between CnFTase and hFTase at the X-position point to 

the effect of divergence in their active sites.  These differences may be exploited for the 

design of C. neoformans-selective inhibitors. 

 

Product exit groove 

 The product exit groove is the region of the active site that exhibits the highest 

degree of structural variation between hFTase and CnFTase.  In addition to multiple 

amino acid substitutions, the exit groove in CnFTase is significantly wider than in hFTase 

(Figure 4.6).  Specifically, a stretch of 5 helical residues making up one wall of the exit 

groove in CnFTase (80β-84β) is displaced 2-4Å at the Cα position relative to the 

corresponding residues in hFTase (92β-96β).  The aggregate effects of the structural 

changes is an exit groove that could accommodate a displaced isoprenylated product; 

however the kinetics of product release may be altered relative to the human enzyme. 

 

Structural studies of re-purposed inhibitors 

Re-purposing and optimizing existing inhibitor scaffolds is an important strategy 

for generating low-cost inhibitors for infectious disease therapies.  We therefore 

undertook a structural study of several unique FTase inhibitor scaffolds, including the 

active antifungal compound Manumycin A.   

Manumycin A is a natural product FTI that possesses two unsaturated alkyl 

moieties that resemble the lipid chain of FPP, connected by a cyclohexenone epoxide 

group (Figure 4.1).  Previous studies have shown that the epoxide group is essential for 

FTase inhibition and can be inactivated by reducing agents (Hara et al., 1993).  The triene  
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Figure	  4.7	  	  Analysis	  of	  inhibitor	  binding	  modes	  in	  CnFTase.	  	  A)	  	  Binding	  mode	  of	  ethylenediamine	  
scaffold	  inhibitor.	  	  B)	  	  Binding	  mode	  of	  L-‐778,123.	  	  C)	  	  Superposition	  of	  ethylenediamine	  scaffold	  
inhibitor	  and	  L-‐778,123	  in	  the	  active	  site	  of	  CnFTase.	  	  D)	  	  Analysis	  of	  binding	  mode	  with	  respect	  to	  
two	  divergent	  areas	  of	  the	  active	  site:	  the	  exit	  groove	  and	  a2	  residue	  binding	  site.	  	  Both	  inhibitors	  can	  
be	  derived	  to	  further	  penetrate	  these	  regions	  to	  modulate	  selectivity	  between	  FTase	  orthologs.	  
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moiety at the C4 position of the cyclohexenone epoxide is not required for inhibition.  

The entire molecule possesses a high degree of conformational flexibility.  We obtained 

crystals of CnFTase in complex with Manumycin A by soaking, but not by co-

crystallization. 

We observed continuous Fo-Fc difference density at a level of 3σ (or higher) in the 

isoprenoid binding pocket of the active site.  This is consistent with solution studies of 

Manumycin A binding to mammalian FTase, which also revealed an isoprenoid-

competitive binding mode.  However, the electron density map was also consistent with 

multiple binding modes or inhibitor conformations and therefore could not be interpreted 

unambiguously.   

We also obtained crystal stuctures of complexes with two small molecule 

inhibitors that do not exhibit antifungal activity in our functional assays in vivo, but have 

shown efficacy for treating malaria and cancer.  We attribute the lack of antifungal 

activity to a combination of low compound solubility in culture media or a lack of 

cellular penetration, a noted problem for drug development for this organism.  Further 

modifications may be introduced to improve cell permeability, as well as the potency and 

selectivity.  

 L-778,123 binds to CnFTase in the peptide substrate binding site in a mode 

similar to that observed for mammalian FTase (Reid et al., 2004a), forming extensive van 

der Waals interactions with the FPP lipid chain (Figure 4.7).  Ring 4 of L-778,123 is 

stabilized by end-on aromatic interactions with W90β and W94β, with Leu84β further 

contributing to the hydrophobic environment.  Of particular note is the positioning of this 

inhibitor relative to the a2 site.  The chloride substituent of ring 4 is oriented directly 
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toward the expanded and divergent distal binding pocket of the a2 site, which is absent in 

human FTase, being occluded by a tyrosine residue (Figure 4.5, 4.7).  In CnFTase, four 

solvent molecules fill this cavity (Figure 4.5, 4.7).  It is therefore possible that a selective 

inhibitor can be designed by replacing the chloride with bulkier substituents.   

 The complex of ethylenediamine-scaffold inhibitor with CnFTase is also similar 

to the mammalian enzyme complex (Hast et al., 2009), including coordination of the 

catalytic zinc ion by one of the two N-methylimidazole moieties (Figure 4.7).   The 

benzyl moiety is positioned in the A2 binding site, similar to ring 4 of L-778,123, as 

described above.  As in hFTase, the para-benzonitrile moiety enters the putative product 

exit groove and stacks on Y409β (Figure 4.7).  As with L-778,123, the ethylenediamine 

scaffold can be further derivatized to explore the differences between hFTase and 

CnFTase in the a2 site by modifying with bulkier substituents. Additionally, the nitrile 

group of the benzonitrile positioned in the exit groove may be substituted to fully explore 

the differences between the two proteins in this region (Figure 4.7).    

 All three inhibitors were also analyzed for inhibition of both mammalian and 

CnFTase in vitro with the substrate modification assay described above.  In all cases, the 

compounds demonstrated dose-dependent inhibition of the FTase enzymes from both 

species.  L-778,123 inhibited both enzymes with equal potency, and the ethylenediamine 

inhibitor demonstrated selectivity toward the mammalian enzyme in the assay.  The 

ethylenediamine inhibitor contacts more of the divergent exit groove than L-778,123, 

which may underlie the observed differences in selectivity.  Unexpectedly, Manumycin A 

exhibited more potent inhibition of CnFTase than mammalian FTase, despite the high 
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degree of structural conservation of the lipid binding site.  Manumycin A may therefore 

occupy portions of both the lipid the divergent CaaX binding site. 

 

Discussion 

 It has been challenging to develop novel fungicides for the treatment of C. 

neoformans infections, which have become a significant threat to global health.  FTase 

presents a promising drug target because it is essential for viability of C. neoformans.  

Human FTase has been the target of extensive drug development studies for cancer 

therapeutics, and there is therefore a relatively large collection of FTase inhibitors (FTIs), 

some of which have been tested clinically.  One strategy for the discovery of novel 

fungicides is to explore whether these FTIs can be repurposed, either directly or through 

optimization.  Comparative structural analysis of CnFTase with hFTase is particularly 

important to the latter strategy, because it can reveal critical differences between the 

enzymes that can be exploited by modifications to the known lead FTIs.  Our analysis of 

the CnFTase structure complexed with substrates and several FTI leads reveals that, 

although the mechanism for CnFTase and hFTase is conserved, there are critical 

differences in the substrate and product binding sites that clearly can be exploited for the 

development of CnFTase-specific FTIs.   

 We observe three features that distinguish the substrate and product molecular 

recognition between the two enzymes.  First, in the CaaX binding site, a single residue 

substitution at the a2 site from tyrosine to asparagine results in a deeper cavity in this 

region.  In all crystal structures, this cavity is filled with solvent molecules; however, the 

crystal structures of CnFTase complexed with two FTI scaffolds suggest straightforward 
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modifications to add bulkier substituents to the inhibitors to penetrate this deeper pocket.  

Second, the prenylated product exit groove is wider in CnFTase relative to hFTase and 

varies in amino acid composition.  The variations observed in the a2 site and exit groove 

provide opportunities to optimize existing inhibitor scaffolds, consistent with the 

repurposing strategy we have outlined.   

The third distinguishing feature of CnFTase, however, presents an opportunity to 

pursue a different strategy for inhibiting CnFTase. The unexpected conformational 

change observed for the 4α-5α loop of CnFTase results in a molecular surface in the 

active site with two distinct states that can be individually exploited for inhibitor design.  

Since the equilibrium between conformations is apparently CaaX-dependent, inhibitors 

that are CaaX-competitive can be designed to interact with the helix 4α-5α loop 

conformation observed in the Apo structure.  An additional strategy may be to employ an 

allosteric inhibitor that traps the 4α-5α loop in the retracted state that does not interact 

with the CaaX peptide (Hardy and Wells, 2004).  Such an inhibitor could be used alone to 

destabilize CaaX binding, or as a potency-enhancing agent in combination with a CaaX-

competitive inhibitor. 

 Our crystallographic data are complemented by in vivo studies of FTI action in C. 

neoformans. We show that FTIs can inhibit the growth of and kill C. neoformans; 

moreover, application of the FTI Manumycin A disrupts CnRas1 localization in vivo.  

Taken together, our structural and functional studies lay a foundation for the development 

of novel FTIs for the treatment of invasive fungal infections. 

 

 



	   112	  

Table 4.2  Crystallographic data collection and refinement statistics  
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Materials and Methods 

Cloning and heterologous expression of CnFTase 

 C. neoformans cDNA from strain H99, a clinical isolate, was generated as 

described (O'Meara et al., 2010) and used as a PCR template to amplify the genes for the 

α and β subunit of CnFTase.  Standard PCR methods were used to amplify the genes with 

Platinum Taq Hi-Fidelity DNA Polymerase (Invitrogen).  The α subunit was amplified 

using a forward primer with the sequence (BglII restriction site underlined) 5'- 

CTCAAGTAGATCTAATGGTAACATCGACCTACATCCCTATGTCTCAG-3' and a 

reverse primer with the sequence (NotI restriction site underlined) 5'- 

TACATCGTTGCGGCCGCTTATTCTTCAGCACATTCCCTTCGTCTGAATTCC 

-3'.  The PCR-amplified gene was digested with BglII and NotI and subcloned into 

multiple cloning site I using the BamHI and NotI restriction sites in the pCDFDuet-1 

vector (Novagen), in frame with the 6xHis tag and linker.  The β subunit was amplified 

using a forward primer with the sequence (NdeI restriction site underlined) 5'-

ATTAGGCTCATATGGCGACAGAATTCACTCCTTCAGTATACTCTC-3' and a 

reverse primer with the sequence (AvrII restriction site underlined) 5'- 

TACGATTACCTAGGTCAATTCTCTTGGCAATAAAAATAGTTGATGAACGG 

-3'.  The PCR-amplified gene was digested with NdeI and AvrII and subcloned into the 

multiple cloning site II in the pCDFDuet-1 vector using the NdeI and AvrII restriction 

sites.  The Duke University Medical Center DNA Analysis Facility performed DNA 

sequencing of the completed expression vector.   

 The completed vector was transformed into the BL21 (DE3) Codon Plus-RIL 

strain of Escherichia coli.  Cultures were grown at 37°C until A600 reached 0.8, and the 
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temperature was reduced to 18°C.  IPTG was added to 1mM (final concentration), and 

induction of expression continued for 16 hours.   

 

Purification of CnFTase 

 Cell paste was resuspended in a 10-fold volume of Ni-NTA Buffer A (1xPBS pH 

7.4, 300mM NaCl, 20 mM imidazole) and lysed in a pressurized homogenizer 

(Microfluidics Corp.).  Lysate was clarified and applied to a Ni-NTA agarose column.  

The protein was eluted in one step with Ni-NTA Buffer B (Ni-NTA Buffer A + 250mM 

imidazole).  The Ni-NTA elution was diluted 4-fold in Phenyl Buffer A (20 mM HEPES 

pH 7.5, 1M (NH4)2SO4, 5µM ZnCl2, 5 mM DTT) and applied to a Phenyl Sepharose 

Column (GE Amersham).  A gradient from Phenyl Buffer A to Phenyl Buffer B (20mM 

HEPES pH 7.5, 5µM ZnCl2, 5 mM DTT) was used to elute the protein.  Fractions 

containing CnFTase were identified using SDS-PAGE, pooled, and concentrated using a 

centrifugal concentrator (Amicon, 50kD MWCO) to a volume of 10 mL before diluting 

with Q Buffer A (20 mM HEPES pH 7.5, 5µM ZnCl2, 5 mM DTT) to a conductivity of 

10 mS/cm.  The solution was applied to a Q-Sepharose column (GE Amersham) and 

eluted with a gradient from Q Buffer A to Q Buffer B (20 mM HEPES pH 7.5, 1M NaCl, 

5µM ZnCl2, 5 mM DTT).  The fractions containing CnFTase were identified using SDS-

PAGE and pooled.  The pooled protein was concentrated buffer exchanged into its final 

buffer (Q Buffer A) using a centrifugal concentrator (Amicon, 50 kDa MWCO).  The 

final protein concentration range used for crystallization was 10-15 mg/mL, and the 

protein was stored at -80°C prior to crystallization. 
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Crystallization and structure determination 

 The initial ternary complex of CnFTase with FPP analog FPT-II  and CaaX 

peptide KKKSKTKCVIM was achieved by incubating the enzyme with a three-fold 

molar excess of each ligand for 30-60 minutes on ice prior to setting up the crystallization 

drop.  Crystals of CnFTase were grown using the hanging drop vapor diffusion method at 

17°C.  One microliter of protein solution was mixed with one microliter of well solution 

solution, which contained 9-13% w/v PEG 4000, 200mM NaCl, 50-150mM Li2SO4, and 

100 mM CAPSO pH 9.5.  Crystals appear in 2-5 days with typical dimensions of 400 µm 

x 150 µm x 150 µm.   

 Initial high-throughput crystal screening only yielded hits when the protein was 

incubated with substrates prior to drop setup.  However, once the above crystallization 

condition was identified, we succeeded in growing Apo enzyme crystals.  Apo crystals 

nucleate only sporadically, and require >7 days to appear.  Nucleation of Apo crystals can 

be accelerated by common crystal seeding methods.   

 Prior to cryoprotection, crystals were transferred to a stabilization solution 

(mother liquor, but with 15% w/v PEG 4000).  The crystals were then transferred 

stepwise into a cryoprotection solution (stabilization solution plus 18% w/v sucrose or 

ethylene glycol) and flash frozen in liquid nitrogen. 

 X-ray diffraction data were collected 100K at the Advanced Photon Source 

beamline 22-ID (Argonne National Laboratory) or at Advanced Light Source beamline 

12.3.1 (Lawrence Berkeley National Laboratory).  Data reduction and scaling were 

performed with HKL-2000 or XDS (Kabsch, 1993; Otwinowski, 1998).  The initial 

CnFTase:FPT-II:KKKSKTKCVIM structure was determined using molecular 
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replacement as implemented by PHASER.  Although an  interpretable electron density 

maps could be obtained using the coordinates of hFTase as a probe molecule for 

PHASER (Storoni et al., 2004), better Z-scores and higher quality initial electron density 

maps were obtained when a homology model of CnFTase was used as a probe.  The 

homology models of the α and β subunits were generated using the PHYRE server, with 

the coordinates of hFTase (PDB ID 1TN6) as the input model (Kelley and Sternberg, 

2009).  Initial rounds of model building were carried out using COOT (Emsley and 

Cowtan, 2004) and simulated annealing refinement in PHENIX (Adams et al., 2004).  

Later stages of building and refinement the iteratively with COOT and REFMAC5 

(Murshudov et al., 1997) or PHENIX using restrained refinement of coordinates and 

individual isotropic temperature factors, and no simulated annealing.    

The initial model of CnFTase was built using diffraction data collected on a 

crystal of the complex of CnFTase with FPT-II (an FPP analog) and an 11-mer peptide 

(KKKSKTKCVIM).  Although omitted from the molecular replacement probe, clear 

electron density for active site ligands at the 3σ level in the Fo-Fc difference fourier map 

permitted fitting of both FPT-II and the peptide substrate in the active site. The X-ray 

diffraction data collection and refinement statistics are summarized in Table 1.  The 

atomic coordinates and structure factors have been deposited into the RCSB Protein Data 

Bank, with the followig PDB ID codes: XXX. 

 

Crystallographic analysis of additional substrate and ligand complexes 

To achieve complexes with additional substrate analogs and inhibitors, CnFTase 

was incubated on ice with 3-fold molar excesses of ligand prior to crystallization drop 
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setup.  Mother liquor components were the same for each complex.  We were not able to 

produce CnFTase co-crystals with Manumycin A and therefore used soaking to produce 

this complex.  Preformed Apo CnFTase crystals were transferred to a stabilization 

solution (mother liquor plus additional 5% w/v PEG 4000) supplemented with 

Manumycin A for a period of up to a week, prior to cryoprotection and X-ray data 

collection.  Concentrations of Manumycin A from 10µM to 1mM were explored, and in 

each case the crystals adopted the bright yellow color characteristic of the compound.    

To determine the structures of additional ligand complexes, we used fourier 

synthesis methods (REFMAC5) with the coordinates of the α/β heterodimer from which 

the FPT-II and KKKSKTKCVIM ligands were removed.  In all cases, the ligands could 

be readily identified in the Fo-Fc difference fourier map at a level of 3σ.  For all 

complexes but that with Manumycin A, the electron density permitted unambiguous 

fitting of the ligands.  In the case of Manumycin A, none of the soaking conditions 

produced crystals for which difference fourier electron density was unambiguous for 

ligand fitting.  Building and refinement of all ligand complex structures were carried out 

using COOT and REFMAC5 or PHENIX.   

 

Cloning, heterologous expression, and purification of CnRas1 

 Standard PCR methods were used to amplify the CnRas1 gene with Platinum Taq 

Hi-Fidelity DNA Polymerase (Invitrogen).  The template was a plasmid containing full-

length cDNA of CnRas1-CVVL used in previous studies of Ras1 function in C. 

neoformans (Nichols et al., 2007).  The 5' primer used was 5'- 

TCATCGGATCCAATGTCCAAGGCTCAATTTTTGCGTGAATATAAG-3' (BamHI 
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restriction site underlined).  The 3' primers used to generate the library of CVVX variants 

are listed below.  All have NotI restriction sites (underlined). 

CVVL 3' primer:   

5'-TTTAGCGGCCGCTTAGAGGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVA 3' primer: 

5'-TTTAGCGGCCGCTTAGGCGACGACGCATCCTCTACAGCATCCCTTA-3' 
 
CVVM 3' primer: 

5'-TTTAGCGGCCGCTTACATGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVD 3' primer: 

5'-TTTAGCGGCCGCTTAATCGACGACGCATCCTCTACAGCATCCCTTA-3' 

AVVL 3' primer: 

5'-TTTAGCGGCCGCTTAGAGGACGACGGCTCCTCTACAGCATCCCTTA-3' 

CVVC 3' primer: 

5'-TTTAGCGGCCGCTTAGCAGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVW 3' primer: 

5'-TTTAGCGGCCGCTTACCAGACGACGCATCCTCTACAGCATCCCTTA-3' 

 

CVVY 3' primer: 

5'-TTTAGCGGCCGCTTAATAGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVE 3' primer: 

5'-TTTAGCGGCCGCTTATTCGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVG 3' primer: 

5'-TTTAGCGGCCGCTTAGCCGACGACGCATCCTCTACAGCATCCCTTA-3' 
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CVVK 3' primer: 

5'-TTTAGCGGCCGCTTATTTGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVR 3' primer: 

5'-TTTAGCGGCCGCTTAACGGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVI 3' primer: 

5'-TTTAGCGGCCGCTTAAATGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVV 3' primer: 

5'-TTTAGCGGCCGCTTACACGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVN 3' primer: 

5'-TTTAGCGGCCGCTTAGTTGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVQ 3' primer: 

5'-TTTAGCGGCCGCTTACTGGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVS 3' primer: 

5'-TTTAGCGGCCGCTTAGCTGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVP 3' primer: 

5'-TTTAGCGGCCGCTTACGGGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVH 3' primer: 

5'-TTTAGCGGCCGCTTAATGGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVF 3' primer: 

5'-TTTAGCGGCCGCTTAAAAGACGACGCATCCTCTACAGCATCCCTTA-3' 

CVVT 3' primer: 

5'-TTTAGCGGCCGCTTAGGTGACGACGCATCCTCTACAGCATCCCTTA-3' 

Amplified genes were digested with the indicated restriction enzymes and subcloned into 
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the BamHI/NotI restriction sites on the pCDFDuet-1 vector in frame with the 6xHis tag.  

The completed vectors were sequenced by the Duke University Medical Center DNA 

Analysis Facility.  The expression vectors were transformed into BL21 (DE3) E. coli and 

grown to mid-log phase.  Protein expression was induced for 3h at 37°C after addition of 

1mM (final concentration) IPTG.   

 Cells were lysed and the 6xHis tagged protein was purified vi Ni-NTA 

chromatography as described above for CnFTase.  The eluted protein was concentrated 

down to a volume of 1mL using an Amicon centrifugal concentrator (10K MWCO) and 

applied to a 120-mL Superdex 200 column equilibrated in a buffer containing 25 mM 

HEPES pH 7.5, 100 mM NaCl, 2 mM DTT, 1 mM MgCl2, 5% w/v glycerol, and 5µM 

GDP.  Fractions containing 6xHis-CnRas1 were identified using SDS-PAGE and 

concentrated to a final concentration of 1-5 mg/mL using an Amicon centrifugal 

concentrator (10K MWCO).  Concentrated protein was flash frozen in liquid nitrogen and 

stored at -80°C. 

 

Substrate modification assays 

 Substrate utilization assays in which FTase activity was measured by 

incorporation of fluorescent FPP analog NBD-GPP (Jena Biosciences) into full-length 

CaaX substrates were performed essentially as described (Dursina et al., 2006).  Briefly, 

10µM NBD-GPP, 0.5-10µM CnRas1 (see above) or HsRap2a (prepared as described in 

(Terry et al., 2006)) were combined in a 10µL reaction volume with 1µM enzyme 

(CnFTase or hFTase) in the following buffer: 25mM HEPES pH 7.5, 40mM NaCl, 2 mM 

DTT, 2mM MgCl2, 20µM GDP (for CnRas1 stability), 20µM ZnCl2.  Reactions 
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proceeded for 2h at 37°C and quenched by addition of SDS-PAGE buffer.  The reaction 

mixtures were resolved using SDS-PAGE.  Fluorescent bands corresponding full-length 

CaaX substrates bearing the fluorescent isoprenoid modification were visualized using 

the Bio Doc-It Imaging System (UVP).   

 

Fungal strains and growth media.  

Cryptococcus neoformans strain H99 was used for all antifungal drug studies. The 

GFP-Ras1 strain CBN76 was used for Ras protein localization (Nichols et al., 2009).  All 

fungal strains were maintained on (1%) yeast extract-(2%) peptone-(2%) dextrose (YPD) 

medium, unless otherwise stated. 

 

Antifungal compound testing 

 MIC testing was performed according to the CLSI/NCCLS standard assay, with 

slight modification (Pfaller et al., 1997).  Briefly, fungal strains were incubated on 

Sabouraud’s medium for 48 h at 35C. Five colonies were inoculated in 5 ml 0.85% NaCl 

to an OD-530 of 0.23 to 0.27 (1x106–5x106 cells/ml). A final cell suspension was made in 

RPMI-1640 plus 2% glucose (pH 7) that contained 1x103 cells/ml, and 100 µl of this 

suspension were added to 96-well tissue-culture plates. Serial two-fold dilutions of the 

drugs tested for MIC were diluted in RPMI medium, and added to the well for a final 

culture volume of 200 µl. The plates were incubated in a humidified air incubator at 

37°C, and cell growth was analyzed at 72 hours. 

Disc diffusion assays were performed by plating fungal cells (2 x 104) on YNB 

(yeast nitrogen base 6.7 g/l, 2% dextrose, 2% Bacto-agar) medium. Sterile cotton discs 
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were placed on the surface of the agar, and 5 µl of drugs in DMSO were placed on the 

cotton discs. DMSO alone demonstrated no antifungal activity in this assay. The plates 

were incubated in air at various temperatures for 48–72 hours. The diameter of the zone 

of growth inhibition surrounding the drug-containing disc correlates with degree of 

antifungal activity. 

 

GFP-Ras1 localization 

To examine the localization of Ras1 in the presence of Manumycin A strain 

expressing GFP-tagged RAS1 under control of the endogenous RAS1 promoter was 

generated as follows. Plasmid pCN12 which contains the RAS1 gene and flanking 

sequences was modified by site-directed mutagenesis to add a NheI site (underlined) at the 

RAS1 start ATG with primers aa1512 (5'-

CCCATCCAACCTCAGCCAGCTAGCATGTCC-3') and (5'-

GCTGGCTGAGGTTGGATGGGCTTGAGTGTG-3'). GFP was PCR amplified with 

flanking NheI sites (underlined) with primers aa1514 (5'-

CTAGCTAGCATGGTGAGCAAGGGCGAGG-3') and aa1515 (5'-

CTAGCTAGCGTACAGCTCGTCCATGCCG-3').  pCN19 was used as template for GFP. 

NheI digested GFP insert was subcloned into NheI digested pCN12. Orientation of the GFP 

insert at the N-terminus of RAS1 was confirmed by restriction digestion and sequencing. 

Strain CBN157 was generated by the genomic integration of the GFP-RAS1 fusion 

construct into the genome of C. neoformans wild type strain H99 by biolistic 

transformation.  GFP-Ras1 localization was confirmed by epifluorescent microscopy using 
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a Zeiss Axio Imager.A1 fluorescent microscope equipped with a GFP filter set. Images 

were obtained with a Zeiss AxioCam MRM digital camera. 

 Strain CBN157 was incubated overnight in YPD medium and diluted five-fold into 

fresh YPD cultures containing 10-fold serial dilutions of the drug Manumycin A (2.5 µM to 

250 µM). To control for solvent effects, a culture containing DMSO without drug was 

included. After incubation (with shaking) for four hours, Gfp-Ras1 localization in each 

sample was determined by epifluorescent microscopy. 
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Chapter 5 

Preliminary structural characterization of the protein 
farnesyltransferases from the fungal pathogens Candida albicans and 

Aspergillus fumigatus 
 

Summary 

 As described in the preceeding chapters, protein prenyltransferases are validated 

drug targets for the development of antifungal therapeutics targeted against Candida 

albicans.  In this chapter, I present the cloning, expression, purification, and preliminary 

structural characterization of protein farnesyltransferase from C. albicans  (CaFTase).   

As observed in the structure of CaGGTase-I, presented in Chapter 3, CaFTase diverges in 

critical regions of the CaaX binding pocket and exit groove.  We expect these variations 

to facilitate specific drug design.  In addition, I have also cloned, purified, and 

determined the X-ray structure of the protein farnesyltransferase from Aspergillus 

fumigatus.  A. fumigatus is also an opportunistic fungal infection that afflicts 

immunocompromised HIV patients and transplant recipients.   As in C. albicans and C. 

neoformans, we predict that CaaX protein prenyltransferases in A. fumigatus will also be 

promising drug targets.  Consistent with the themes emerging from the structural analysis 

of CaGGTase-I and CnFTase (Chapters 3 and 4, respectively), we observe structural 

divergence in the CaaX binding region and exit groove which may be exploited for 

inhibitor design. 
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Introduction 

 Candida albicans and Aspergillus fumigatus are fungal pathogens that cause life-

threatening infections in predominantly immunocompromised individuals (AIDS 

patients, transplant recipients, etc.) (Pappas et al., 2007; Pound et al., 2002).  As 

described in Chapter 3, C. albicans infections can occur in a number of tissues, causing 

oral thrush, vaginal yeast infections, and deadly systemic infections when disseminated in 

the bloodstream.  Morbidity rates for systemic C. albicans infections ranges from 20-

47%, with several strains exhibiting resistance against existing antifungal therapies.     

 A. fumigatus is a filamentous mold that is refractory to many standard antifungals 

used to treat C. albicans or C. neoformans infections (Steinbach and Stevens, 2003).  Left 

untreated, invasive aspergillosis can result in mortality rates as high as 100% in certain 

patient groups (Steinbach and Stevens, 2003).  Even after treatment with the potent 

antifungal amphotericin B, the mortality rate remains >30% in certain high-risk 

immunocompromised patient populations.   

 New targets for antifungal drugs to treat invasive C. albicans and A. fumigatus 

infections are needed.  Protein prenylation is an essential process in C. albicans, as 

evidenced by knockout studies of the FTase/GGTase-I α subunit (Song and White, 2003).  

Moreover, Ras and other small G-proteins (which are prenylated) are essential 

modulators of virulence in A. fumigatus (Fortwendel et al., 2008; Fortwendel et al., 

2005).  In addition, maturation of fungal mating pheromones requires prenylation; recent 

reports suggest that mating may be an important factor in virulence and pathogenicity of 

fungi (Butler, 2010).  Taken together, these data suggest that inhibition of protein 

prenyltransferases may be an attractive route to treat invasive fungal infections.   
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 In a previous chapter, I described the structure of C. albicans GGTase-I.  The 

structure exhibits several regions of structural variation in the active site that can be 

exploited to design selective inhibitors.  In this chapter, I extend these studies with the 

cloning, purification, and structure determination of C. albicans FTase (CaFTase) and A. 

fumigatus FTase (AfFTase).  Like CaGGTase-I, these enzymes differ from the human 

ortholog in critical areas of the active site, particularly the prenylated product exit groove.  

The exit groove shape, however, is highly conserved across the three pathogenic fungal 

orthologs determined to date (C. albicans, A. fumigatus, and  C. neoformans).  This 

feature may be important for the design of broad-spectrum antifungal FTIs. 

 

Results 

Cloning, expression, and purification of CaFTase and AfFTase 

 The genes for CaFTase and AfFTase α and β subunits were subcloned into the 

pCDFDuet-1 vector that had been used successfully to express C. neoformans FTase 

(CnFTase) and CaGGTase-I.  Optimal expression of CaFTase was achieved in C41(DE3) 

E. coli with a 37° induction (1mM IPTG, 4 hours).  Optimal expression of AfFTase was 

also achieved in C41(DE3) E. coli with an induction at 18°C overnight (1mM IPTG, ~16 

hours).    Both proteins were subcloned such that the vector would encode a 6xHis tag on 

the N-terminus of the α subunit to facilitate purification.  CaFTase and AfFTase were 

purified to homogeneity using a series of three chromatographic steps: Ni-NTA, Phenyl 

Sepharose, and Q-Sepharose.  In both cases, the yield of pure protein was approximately 

3-5 mg protein per liter of E. coli culture.   
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Figure 5.1 Purification and crystallization of CaFTase and AfFTase.  A) SDS-PAGE gel showing purified 
protein prenyltransferases.  AfFTase is in lane 2, and CaFTase is in lane 6.  B) Crystals of CaFTase.  C) 
Crystals of AfFTase.  
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Crystallization and X-ray diffraction analysis of CaFTase and AfFTase 

 Using the Mosquito liquid handling robot, over six hundred commercially 

available crystallization conditions were screened for both CaFTase and AfFTase.  In 

both cases, only the native lipid (FPP) was added to the protein (a 1:3 protein:lipid molar 

ratio) prior to the crystallization drop setup.  Screening with CaaX substrates has not yet 

been conducted. 

CaFTase crystallizes in conditions containing either MgCl2 or CaCl2 ; and 

PEG2000 or PEG1500.  Grid-based screening of the initial leads yielded the following set 

of optimized conditions for CaFTase: 50-250mM CaCl2, 9-15% (w/v) PEG2000.  

Optimized crystals of CaFTase are grown by vapor diffusion in 1µL x 1µL drops at 17°C 

and appear in 24-48 hours (Figure 5.1).  Crystals of CaFTase grow to maximal 

dimensions of 500µm x 100µm x 100µm over the course of 7-10 days.   

 CaFTase crystals have been subjected to numerous cryoprotection schemes; 

however, the resolution of diffraction appears to be limited to 2.7 to 2.8Å.  The crystals 

belong to the uncommon tetragonal space group P4322 with typical unit cell dimensions 

of a=b=98Å, c=189Å.  CaFTase is a 105kDa heterodimer consisting of an α subunit 

(40kDa) and β subunit (65kDa).  The β subunit has an N-terminal extension of 

approximately 100 residues that bear no homology to any other protein prenyltransferase 

and are predicted to have little secondary structure.  These residues are not visible in the 

electron density maps.  It is possible that the presence of so many disordered residues has 

an adverse effect on crystal packing that is limiting the resolution relative to the 

diffraction of other protein prenyltransferase crystals. 
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 Screening of AfFTase identified numerous (> 50) crystallization conditions in 

which long, needle-like crystals crystals appeared in dense showers.  Conditions 

containing LiCl and PEG6000 generally yielded needles with the more substantial second 

and third dimensions.  Grid-based screening was used to identify the optimized condition: 

500-700mM LiCl, 4-10% PEG6000. Optimized crystals of AfFTase are grown by vapor 

diffusion in 1µL x 1µL drops at 17°C and appear in 24 hours (Figure 5.1).  Crystals of 

AfFTase grow to maximal dimensions of 300µm x 15µm x 15µm over the course of 7 

days.   

 Despite the undesirable thin rod morphology, the AfFTase crystals exhibit high 

resolution X-ray diffraction; reflections are visible beyond 1.7Å resolution in most cases.  

The crystals belong to space group P21 and are subject to some radiation damage.  

Coupled with the thin morphology, these characteristics make it challenging to collect a 

single data set at high resolution with high levels of completeness and redundancy.  A 

data set has been collected to 1.8Å for presentation in this chapter. 

 

AfFTase and CaFTase share a conserved protein prenyltransferase architecture 

 The α subunits of AfFTase and CaFTase bear the same number of α-helices as the 

mammalian ortholog, arranged in a crescent-shaped molecule that envelops the β subunit 

(Figure 5.2).  The core of the β subunit α-α barrel is also conserved between the fungal 

and mammalian FTases.  CaFTase aligns with the mammalian ortholog with an r.m.s.d of 

~2.4Å, while AfFTase aligns with hFTase with an r.m.s.d. of ~1.8Å.  All fungal protein 

prenyltransferases contain an insertion in the β subunit compared with the mammalian 

protein.  The insertion occurs at the position of a short loop in hFTase (378β-381β).  In C.  
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Figure 5.2  Conservation of overall fold of CaFTase and AfFTase.  Left, AfFTase (red and blue) is 
superimposed on hFTase (gray).  Right, CaFTase (pink and purple) is superimposed on hFTase (gray). 
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neoformans FTase (Chapter 4), the insertion forms two helices and an extended loop on 

the face of the β subunit remote from the active site opening.  The insertion in CaFTase is 

fairly disordered, but adopts a different arrangment from that observed in CnFTase.  In 

AfFTase, this insertion appears to adopts a structure similar to that observed in CaFTase.  

In both CaFTase and AfFTase, the insertion appears to lack the significant amount of α-

helical secondary structure found in CnFTase.  The significance of this insertion in fungal 

FTases is unclear; however its location on the side of the molecule remote from the site 

of catalysis suggests it does not impact selection of substrates.   

 The active site of FTase is contained within the funnel shaped cavity formed by 

the α-α barrel of the β subunit.  At the rim of the cavity is a catalytic Zn2+ ion that is 

essential for chemistry, coordinated by a universally-conserved set of residues: histidine, 

aspartic acid, and cysteine.  The Zn2+ is bound in a distorted pentacoordinate geometry in 

which two ligands are formed by the aspartic acid, and one ligand each is formed by the 

histidine and cysteine.  The fifth ligand is alternately the CaaX substrate cysteine thiol 

side chain or water, depending on the stage of the reaction cycle.  Although a distorted 

pentacoordinate geometry for Zn2+ is unusual, it appears to be conserved in all CaaX 

protein prenyltransferases; the same arrangment is observed in the previously-determined 

mammalian enzymes, as well as the four protein prenyltransferases presented in this 

dissertation (Chapters 3, 4, and 5).   

 

Structure of FPP binding cleft is conserved 

 Both CaFTase and AfFTase were crystallized in the presence of FPP, and the lipid 

was also added to cryoprotection solutions to prevent a soaking-out effect.  In the refined 
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crystal structure of AfFTase, clear difference Fourier electron density (Fo-Fc) was visible 

in the FPP binding cleft for the lipid.  In CaFTase, however, only a small difference 

Fourier electron density peak was observed in the β phosphate binding site, with the 

remainder of the lipid disordered or only present at very low occupancy.   

As expected from sequence alignments, the shape and residue composition of the 

FPP binding cleft in both CaFTase and AfFTase are conserved with hFTase.  In all 

protein prenyltransferase sequences elucidated to date, the isoprenoid binding pocket is 

the most well-conserved, consistent with its role of binding a single defined substrate 

with high affinity.  The diphosphate-binding pocket is composed of basic residues that 

make direct or water-mediated contacts with the charged diphosphate moiety, as well as a 

histidine and tyrosine that also form hydrogen bonds with the diphosphate.  The cleft that 

binds the isoprene lipid moiety is largely hydrophobic and aromatic.  An aspartic acid at a 

position equivalent to D352β in hFTase, is conserved in the fungal FTases.  This residue 

is proposed to assist in coordinating a Mg2+ ion near the diphosphate moiety during the 

chemical reaction. 

 

CaaX binding site exhibits significant structural variation across species 

 Although the structures presented here do not contain a CaaX substrate in the 

active site, crystal structures from other protein prenyltransferases permit us to make a 

credible model for CaaX binding.  In all CaaX prenyltransferase ternary structures 

determined to date, the CaaX peptide is anchored at the N-terminus by the catalytic Zn2+.  

A conserved glutamine residue anchors the carboxy terminus.  The CaaX tetrapeptide 

adopts an extended conformation, in which the a1 residue is oriented toward solvent and  
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Figure 5.3 CaaX substrate selection in AfFTase and CaFTase.  A) Superposition of CaaX binding site of 
AfFTase (red/blue) and hFTase (gray).  CaaX substrate, which is not present in crystal structure of AfFTase 
is modeled in using hFTase coordinates.  B)  Superposition of CaaX binding site of CaFTase (pink/purple) 
and hFTase (gray).  As with AfFTase, CaaX substrate is not present in crystal structure of CaFTase; 
however, it has been modeled in using the coordinates of hFTase (yellow). 
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the a2 residue (the penultimate residue in the CaaX motif) is buried by the enzyme.  

Selection and discrimination of CaaX substrates by FTase and GGTase-I occurs 

predominantly through the recognition of the a2 and X residues.   

 In both AfFTase and CaFTase, the pocket that binds the CaaX a2 residue bears a 

set of four conserved aromatic residues, including two tryptophans and two tyrosines 

(Figure 5.3).  In addition to the CaaX a2 residue, these amino acids are used to stabilize 

aromatic substituents in nearly all series of potent CaaX-competitive FTIs that have been 

studied using X-ray crystallography (Chapter 1, Figure 1.5).   Conservation of these 

aromatic residues create an a2 residue binding pocket very similar in shape to the 

mammalian enzyme (Figure 5.3). 

 Structural variation is observed in the CaaX X-residue binding pocket.  In the case 

of CaFTase, several residue substitutions are observed, relative to hFTase (Figure 5.3).  

Both enzymes exhibit a serine in a position equivalent to P152β.  Furthermore, both 

enzymes exhibit significant deviations in Cα positions relative to hFTase.  The effect of 

the residue substitions and differences in Cα positions are expected to impact the CaaX 

substrate selection of CaFTase and AfFTase; this has been previously observed in 

CnFTase (Chapter 4).  To date the substrate selectivity of AfFTase and CaFTase have not 

been examined using solution studies. 

 

Structural variation in the prenylated product exit groove 

 As described in previous chapters, the prenylated product exit groove, first 

identified in hFTase, is the most structurally divergent region of protein 

prenyltransferases across species.  Multiple residue substitutions relative to hFTase are  
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Figure 5.4 Exit groove variation across species.  Comparison of either CaFTase exit groove (A) or 
AfFTase exit groove (B) with hFTase exit groove illustrates significant structural divergence.  C) 
Superposition of three fungal FTases (AfFTase, CaFTase, and CnFTase from Chapter 4) with hFTase 
highlights a common feature to the fungal prenyltransferases: a widening of the exit groove compared with 
mammals.  D)  Superposition of only fungal protein prenyltransferases shows high level of conservation of 
exit grooe shape and residue composition.  Region may be used to design broad-spectrum antifungal FTIs. 
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observed in other species, and the shape of the groove can also diverge in a manner that is 

not predicted by sequence alignments (Hast and Beese, 2008; Hast et al., 2009; Chapter 

4).  Elucidation of the crystal structures of novel protein prenyltransferases provides 

insight into the structural variation of the exit groove and facilitates the design of species-

selective inhibitors. 

 The exit grooves in CaFTase and AfFTase are both significantly wider than in 

hFTase (Figure 5.4).  Specifically, a stretch of 5 helical residues making up one wall of 

the exit groove in both of these enzymes is displaced 2-4Å at the Cα position relative to 

the corresponding residues in hFTase (92β-96β).  The aggregate effects of the structural 

changes is an exit groove that could accommodate a displaced isoprenylated product; 

however the kinetics of product release may be altered relative to the human enzyme.  It 

was an unexpected result that, although AfFTase and CaFTase exit grooves diverge from 

hFTase, they exhibit significant similarities with each other (Figure 5.4).  Comparision of 

AfFTase, CaFTase, and CnFTase (Chapter 4) reveal that the wider exit groove appears to 

be conserved among all three pathogenic fungi.   

 

Discussion 

 Developing new treatments for invasive fungal infections is an important 

challenge in medicine.  Additional targets are required to circumvent mounting resistance 

to existing therapies.  Protein prenyltransferases are promising new targets for infectious 

diseases.  The post-translational lipidation of critical signal transduction proteins by 

FTase and GGTase-I in most eukaryotes organisms is essential for cellular growth and 
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survival.  This has been demonstrated in protozoan parasites (malaria, trypanosomes) and 

in pathogenic fungi, including A. fumigatus and C. albicans. 

 The crystal structures of protein farnesyltransferases from both C. albicans and A. 

fumigatus reveal important structural features that can be exploited for antifungal FTI 

development.  As described in Chapter 4, the general homology these enzymes exhibit 

with mammalian FTase suggests that the vast number of previously-identified FTI 

scaffolds that have been described could be repurposed as antifungal agents.  A strategy 

can be devised in which inhibitors that bind to conserved regions of these enzymes are 

selected to be a base scaffold.  Two conserved features that are critical for binding most 

FTIs, including clinical drug candidates, are the aromatic a2 residue binding site, and 

coordination of the catalytic Zn2+ ion in place of the CaaX substrate cysteine.  Crystal 

structures of FTI scaffolds presented in Chapters 2 and 4 illustrate this common binding 

mode.  Extending from such an initial scaffold, moieties can be appended that penetrate 

regions of the active site that diverge from mammalian FTase, thereby generating 

pathogen-selective compounds. 

 In CaFTase and AfFTase, two regions of the active site may be exploited for 

selective inhibitor design.  The CaaX X-residue binding site diverges from the 

mammalian ortholog not only in residue composition, but also in the shape of the cavity.  

The prenylated product exit groove diverges even more dramatically across species.  In 

the fungal FTases presented in this chapter, as well as Chapter 4, the exit groove is a 

much wider cavity.  Coupled with poor sequence conservation with mammalian FTase, 

this region may be the best opportunity to design compounds that highly selective.  The 

similarity of exit groove shape amongst the three pathogenic FTases was unexpected.  
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However, this distinguishing feature may be an opportunity to design broad-spectrum 

antifungal agents that can target multiple pathogens.    

 

Materials and methods 

Cloning, expression, and purification of CaFTase 

C. albicans cDNA from strain SC5314 was obtained from the American Type 

Culture Collection.  The open reading frame encoding the FTase/GGTase-I β subunit was 

amplified using standard PCR techniques using the following primers: 

Forward primer 

TCCACAGAGATCTATGAGTCAAGATTCTAATGCTAAAATTAATTATTTATTAA

AC  

Reverse primer 

AGCTAATCCTAGGTTAACGTTTTTGTTCTGCTCTTTTCTTCGGTTTGGAAATTG 
	  
The PCR fragment was digested using BglII (forward, underlined) and AvrII (reverse, 

underlined) restriction endonucleases and subcloned into the pCDFDuet-1 vector that 

already contained a correctly inserted C. albicans FTase/GGTase-I α subunit (Chapter 3).   

A version of this vector with an in-frame 6xHis tagged α subunit was used.  The 

completed expression construct was sequenced by the Duke University DNA Analysis 

Facility. 

 The expression construct was transformed into C41(DE3) cells for expression.  

Cultures were grown to an OD of ~0.7-1.0, and then induced with IPTG (1mM final 

concentration) for 4 hours.  Cells were harvested via centrifugation (3000xg for 15 

minutes).  
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The cell pellet was resuspended in Ni-NTA Buffer A (1xPBS pH 7.4, 20 mM 

imidazole, and 10 mM MgCl2, SigmaFast Protease Inhibitor cocktail) at a 1:10 w:v ratio.  

Cells were lysed using a pressurized homogenizer (Microfluidics Corp.), and the lysate 

was subjected to centrifugation (40,000xg for 30 minutes).  The clarified lysate was 

subjected to Ni-NTA chromatograpy in a gravity column.  The resin was batch loaded, 

washed with Ni-NTA Buffer A, and eluted in Ni-NTA Buffer B (same as Buffer A, but 

with 250 mM imidazole).    

Ammonium sulfate buffer additive (ASBA, composed of 1M (NH4)2SO4, 20 mM 

HEPES pH 7.5, and 5µM ZnCl2) was mixed with the Ni-NTA elution at a ratio of 1:4 

(eluate:ASBA) to bring the concentration of (NH4)2SO4 in the mixture to 0.75M.  The 

mixture was then applied using the FPLC to a Phenyl Sepharose (50mL bed volume) 

column pre-equilibrated in Phenyl Buffer A (0.8M (NH4)2SO4, 20 mM HEPES pH 7.5, 

and 5µM ZnCl2, 5mM DTT).  The column was washed with three column volumes of 

Phenyl Buffer A, and eluted in a linear gradient (8 column volumes, 5-mL fractions) from 

100% Phenyl Buffer A to 100% Phenyl Buffer B (20 mM HEPES pH 7.5, 5µM ZnCl2, 

5mM DTT).   

Fractions containing CaFTase were identified using SDS-PAGE and pooled.  The 

conductivity of the fractions was checked to ensure it was below 10 mS/cm; if not below 

this threshold, Phenyl Buffer B was added to dilute the salt.  The pooled fractions were 

then applied using the FPLC to a Q-Sepharose column (20 mL bed volume) pre-

equilibrated in Q-Sepharose Buffer A (same composition as Phenyl Buffer B).  The 

column was washed with three column volumes of Q-Sepharose Buffer A.  The column 

was then eluted using a linear gradient (8 column volumes, 3-mL fractions) from 100% 



	   140	  

Q-Sepharose Buffer A to 100% Q-Sepharose Buffer B (same as Q-Sepharose Buffer A, 

but with 0.5M NaCl added).   CaFTase elutes near the middle of this gradient. 

Fractions containing pure CaFTase were identified using SDS-PAGe, pooled, and 

concentrated in a centrifugal concentrator (Amicon, 50 kDa MWCO).  The concentrator 

was used to buffer-exchange the protein into a defined final buffer for crystallization, 

with a composition identical to Q-Sepharose Buffer A.  The protein was then 

concentrated to 10-15 mg/mL, flash frozen in liquid nitrogen, and stored at -80°C. 

 

Crystallization and structure determination of CaFTase 

 Prior to crystallization experiments, CaFTase was incubated with a 3-fold molar 

excess of its cognate lipid substrate, FPP, on ice for 30 minutes. Commercial 96-well 

crystallization screens were purchased from QIAGEN.  The Mosquito liquid handling 

robot was used to set up CaFTase crystallizations using the hanging drop format.  Using 

the Mosquito, 200 nL of protein was mixed with 200 nL well solution, and the trays were 

incubated at 17°C.     

Several related hits for CaFTase were identified; the conditions all contained 

PEG1000, 1500, or 2000, as well as CaCl2 or MgCl2.  Drop size was scaled up to 1µL x 

1µL from the original hit from the Mosquito trays in both hanging drop and sitting drop 

vapor diffusion formats to optimize conditions.  Optimized crystals of CaFTase are 

grown using hanging drop vapor diffusion at 17°C with a well solution containing 50-

250mM CaCl2 and 9-15% PEG2000.   

Crystals were cryoprotected using a stepwise transfer into a mother liquor 

solution supplemented with either 20% ethylene glycol (v/v) or 20% sucrose (w/v).   
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Table 5.1  Crystallographic data collection and refinement statistics. 
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Diffraction data were collected at SER-CAT (beamlines 22-ID and 22-BM at the 

Advanced Photon Source, Argonnne National Laboratory).  Crystals diffract to a 

maximal resolution of approximately 2.7Å and belong to the tetragonal space group 

P4322.  Typical unit cell dimensions are 98Å x 98Å x 189Å, with one CaFTase 

heterodimer in the asymmetric unit. 

Diffraction data were integrated and scaled using HKL2000 (Otwinowski, 1998).  

Initial molecular replacement calculations used a hybrid model of the coordinates of 

CaFTase/GGTase-I α (Chapter 3) and the coordinates of hFTase β (PDB ID 1TN6) 

stripped of its ligands as a search model in PHASER (Storoni et al., 2004).  However, 

PHASER Z-scores for the rotation and translation functions were vastly improved when a 

homology model of CaFTase β was used in conjunction with the α subunit.  A homology 

model of CaFTase β was generated using the PHYRE server (Kelley and Sternberg, 

2009).   

Following molecular replacement, rounds of manual model building and 

refinement were carried out using COOT and PHENIX, respectively (Adams et al., 2004; 

Emsley and Cowtan, 2004).  Late in the building process, a CNS refinement scheme 

employing the deformable elastic network (DEN) algorithm was used to further improve 

map quality (Schroder et al., 2010).  DEN-based refinement was essential to resolve 

amino acid side chain density that was unclear using other refinement programs.  The 

DEN script in CNS was used in default mode with both hFTase (PDB ID 1TN6) and the 

fully-refined CnFTase (Chapter 4) models as reference PDBs for the calculation. 

Refinement for CaFTase is ongoing, which is reflected in refinement R-factors which are 

higher than expected for the resolution of the structure. 
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Cloning, expression, and purification of AfFTase 

A. fumigatus cDNA was obtained from the Steinbach laboratory (Duke University 

Medical Center).  The open reading frame encoding the FTase/GGTase-I α subunit  and 

the AfFTase β subunit were amplified using standard PCR techniques using the following 

primers: 

Forward primer, α subunit 

TGAATAGGATCCAATGGAAGGGAAATACTCGTCCGATCCAGAATG 
Reverse primer, α subunit 

TACAGTTGCGGCCGCTCAAGCAGAGGCAGATATCTCCGTAGCATG 

Forward primer, β subunit 

AGATTCATCATATGCCTGTTATCGCAGCGACTGGGAAAC 

Reverse primer, β subunit 

TACAGAGGTACCCTACAGGTCGAAAGATTGATTTTCGAACCAGAC 

The PCR fragment for the α subunit was digested using BamHI (forward, 

underlined) and NotI (reverse, underlined) restriction endonucleases and subcloned into 

the pCDFDuet-1 vector in multiple cloning site 1 in frame with the 6xHis tag.  The PCR 

fragment for the β subunit was digested using NdeI (forward, underlined) and KpnI 

(reverse, underlined) restriction endonucleases and subcloned into multiple cloning site 2 

of the pCDFDuet-1 vector that already contained a correctly-inserted α subunit in 

multiple cloning site 1.  The completed expression construct was sequenced by the Duke 

University DNA Analysis Facility. 

 The expression construct was transformed into C41(DE3) cells for expression.  

Cultures were grown to an OD of ~0.7-1.0, and then induced with IPTG (1mM final 
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concentration) and the temperature of the incubator was lowered to 18°C.  Induction 

continued overnight (~16 hours).  Cells were harvested via centrifugation (3000xg for 15 

minutes), and the protein was purified in a manner identical to the CaFTase described 

above.  The protein was then concentrated to 10-15 mg/mL, flash frozen in liquid 

nitrogen, and stored at -80°C. 

 

Crystallization and structure determination of AfFTase 

 Prior to crystallization experiments, AfFTase was incubated with a 3-fold molar 

excess of its cognate lipid substrate, FPP, on ice for 30 minutes. Commercial 96-well 

crystallization screens were purchased from QIAGEN.  The Mosquito liquid handling 

robot was used to set up AfFTase crystallizations using the hanging drop format.  Using 

the Mosquito, 200 nL of protein was mixed with 200 nL well solution, and the trays were 

incubated at 17°C.     

Over 50 hits for AfFTase were identified; the conditions all contained PEG, but 

with varying molecular weights and concentrations.  Drop size was scaled up to 1µL x 

1µL from the original hit from the Mosquito trays in both hanging drop and sitting drop 

vapor diffusion formats to optimize conditions.  Optimized crystals of AfFTase are 

grown using hanging drop vapor diffusion at 17°C with a well solution containing 500-

700mM LiCl, 4-10% PEG6000.   

Crystals were cryoprotected using a stepwise transfer into a mother liquor 

solution supplemented with either 20% ethylene glycol (v/v) or 20% sucrose (w/v).  

Diffraction data were collected at SER-CAT (beamlines 22-ID and 22-BM at the 

Advanced Photon Source, Argonnne National Laboratory).  Although the crystals diffract 
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to a resolution beyond 1.7Å, a complete data set was collected to 1.8Å.  AfFTase crystals 

belong to the primitive monoclinic space group P21.  Typical unit cell dimensions are 

63Å x 91 Å x 83Å (β=110°) with one AfFTase heterodimer in the asymmetric unit. 

Diffraction data were integrated and scaled using HKL2000 (Otwinowski, 1998).  

Molecular replacement (PHASER) was used to estimate the phases using a homology 

model of AfFTase generated in PHYRE as the search model (Kelley and Sternberg, 2009; 

Storoni et al., 2004).  Following molecular replacement with the homology model, the 

maps were of sufficient quality that ARP/wARP was able to automatically fit most of the 

model into the density an automated fashion (Langer et al., 2008).  Rounds of manual 

model building and refinement were carried out in COOT and REFMAC5, respectively 

(Murshudov et al., 1997).   Refinement of AfFTase is ongoing, which is reflected in the 

refinement R-factors (Table 5.1) that are higher than is expected for a structure of this 

resolution. 
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Chapter 6 

Cloning, expression, purification, and preliminary characterization of 
Trypanosoma brucei protein farnesyltransferase and the protein 

geranylgeranyltransferase-I enzymes from Aspergillus fumigatus and 
Cryptococcus neoformans 

 

Summary 

 In this chapter, I present the development of a new Escherichia coli-based 

expression system for Trypanosoma brucei FTase (TbFTase).  Previously, this protein 

could only be expressed in milligram quantities in SF9 cells.  I also describe the 

purification and preliminary crystallization trials for TbFTase, which are expected to lead 

to X-ray structure determination.  I also describe the cloning, expression and purification 

of the GGTase-I enzymes from the pathogenic fungi Aspergillus fumigatus and 

Cryptococcus neoformans; crystal structures of the FTases from these organisms have 

been presented in earlier chapters.  Finally, I present preliminary crystallization and 

diffraction analysis of the A. fumigatus GGTase-I. 
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Introduction 

 Protein prenyltransferase orthologs from human pathogens are promising new 

targets for the treatment of infectious diseases.  As described in earlier chapters, protein 

farnesyltransferase from Trypanosoma brucei (TbFTase), the causative agent of African 

Sleeping Sickness, can be inhibited by existing series of FTase inhibitors (FTIs).  FTIs 

are also effective at suppressing the growth of parasites, suggesting that the compounds 

are capable of crossing the cellular membrane of this organism.  Sequence alignments 

suggest that TbFTase diverges structurally from the mammalian ortholog in critical areas 

of the active site; furthermore, kinetic studies suggest that the potency and biological 

activity of these inhibitors can still be improved.  Elucidating the structure of TbFTase is 

important for understanding the determinants of inhibitor specificity across species.   

 The cloning and heterologous expression of TbFTase has been described by the 

Gelb laboratory (Buckner et al., 2000).  A major drawback of the methodology described 

by this study is the use of baculovirus/SF9 expression system, which is both expensive 

and laborious.  Yields of purified TbFTase from this system are also unimpressive (1-2 

mg/ per liter of SF9 culture).  Development of a robust Escherichia coli-based expression 

system that yields similar amounts of purified protein to the baculovirus/SF9 system has 

been attempted by other groups, but has not yet been successful.       

 In addition to protozoan parasites, such as T. brucei, protein prenyltransferases 

have been identified as drug targets in pathogenic fungi.  In previous chapters, the crystal 

structures of FTase enzymes from the fungal pathogens Cryptococcus neoformans and 

Aspergillus fumigatus were described.  Like FTase, protein geranylgeranyltransferase-I 

(GGTase-I) can also be an attractive drug target.  The GGTase-I enzymes from A. 
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fumigatus and C. neoformans are expected to be structurally divergent from the 

mammalian orthologs.   Analyzing these structural differences may lead to specific 

inhibitor development.  Moreover, comparing the structures of FTase GGTase-I from a 

particular species can yield information regarding which CaaX proteins are prenylated by 

each enzyme, providing valuable insight into the biology of signal transduction in these 

organisms. 

 In this chapter, I present the development of an E. coli-based expression system 

for TbFTase that produces milligram quantities of pure protein.  This protein has been 

screened for crystallization conditions, and I describe the two crystallization leads 

identified to date.  I also present the cloning, expression, and purification of AfGGTase-I, 

and CnGGTase-I, as well as preliminary crystallization conditions for AfGGTase-I.  

These studies are expected to lead to the structure determination for each of these 

enzymes, permitting species-specific inhibitor development, and providing insight into 

substrate selection. 

 

Results and discussion 

Heterologous expression and purification of TbFTase 

 The TbFTase expression plasmid was constructed using the pCDFDuet-1 vector 

from Novagen, which contains two multiple cloning sites under the control of separate 

promoters.  This vector has previously been used to express other protein 

prenyltransferases, as described in Chapters 3-5.  The α subunit of TbFTase was cloned 

into multiple cloning site 1, which provides an in-frame N-terminal 6xHis tag for 

purification.  The β subunit of TbFTase was cloned into multiple cloning site 2.  
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Expression tests at multiple temperatures using several cell lines were conducted, and the 

C41(DE3) cell line exhibited the highest levels of expression.  Expression levels per gram 

of wet cell weight are approximately equivalent with inductions conducted at 37°C (4 

hours) and 18°C (overnight, ~16 hours); however, the per-liter yield of cell pellet weight 

was approximately doubled when the culture was grown overnight at 18°C.   

 TbFTase is purified similarly to other protein prenyltransferases bearing a 6xHist 

tag.  An initial IMAC purification step is followed by hydrophobic interaction 

chromatography using Phenyl Sepharose, and ion exchange chromatography using Q-

Sepharose.  Buffer exchange to remove salt and introduce a defined buffer can be carried 

out using a centrifugal concentrator or a gel filtration column.  Purified protein is shown 

in Figure 6.1. 

 Yield of purified protein after this purification procedure ranges from 0.5 mg to 2 

mg per liter of E. coli culture grown at 18°C overnight.  This range of values can be 

attributed to colony-to-colony variation in expression levels.  The yields of protein satisfy 

our goal of matching the SF9/baculovirus-expressed protein.   

 Other groups have attempted to express milligram quantities of TbFTase in E. 

coli, but they were unsuccessful.  This is likely attributed to two factors: choice of 

expression vector, and cell line.  The expression plasmid designed previously took 

advantage of translational coupling, in which the open reading frames of both subunits of 

TbFTase were transcribed as a single mRNA under the control of a single promoter.  The 

translation of the subunits was therefore coupled.  Previously, Merck developed an 

expression construct for hFTase with a similar design that resulted in robust expression 

(Long et al., 2001; Omer et al., 1993b).  However, the subunits of hFTase are much 
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smaller than TbFTase, and it is possible that the efficiency of transcription and translation 

may be markedly lower.   With the pCDFDuet-1 plasmid, we presume that expressing the 

two subunits of TbFTase under the control of separate T7 promoters was critical to 

maintain higher levels of mRNA for both genes and efficiently translate them.   

 The choice of C41(DE3) E. coli to express the gene in our case was also 

important.  This cell line possesses several mutations relative to standard BL21(DE3) 

strains that have been shown to improve recombinant protein expression, particularly for 

toxic proteins and membrane proteins.  However, this cell line has only recently become 

commercially available.  When I conducted expression tests that compared BL21(DE3) 

cells with C41(DE3), I noted markedly better expression in C41(DE3) cells compared to 

BL21(DE3).   

 

Preliminary crystallization of TbFTase 

 Although we have developed a system for expressing milligram quantities of 

TbFTase, the crystallization of this protein has been quite challenging.  It is predicted to 

possess large, unstructured insertions relative to mammalian FTase (accounting for the 

size difference of ~40 kDa).  Using the Mosquito crystallization robot, I have conducted 

high-throughput screening of hundreds of commercially available crystallization 

conditions.  TbFTase was screened as an apo enzyme, as a binary complex with its 

natural substrate FPP, and as a ternary complex with one of two peptides 

(DDPTASACNIQ and KKKSKTKCVIM) plus the non-reactive FPP analog, FPT-II.   

In total, only two crystallization hits were ever obtained.  First, as a ternary 

complex with the ~CNIQ peptide, TbFTase was incubated 1:1 with a well solution  
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Figure	  6.1	  	  Purification	  and	  crystallization	  of	  pathogen	  protein	  prenyltransferases.	  	  A)	  SDS-‐PAGE	  gel	  
showing	  purified	  protein	  prenyltransferases.	  	  Lane	  1,	  molecular	  weight	  standards;	  Lane	  2,	  AfFTase	  
(Chapter	  5);	  Lane	  3,	  AfGGTase-‐I;	  Lane	  4,	  CnFTase	  (Chapter	  4);	  Lane	  5,	  CnGGTase-‐I;	  Lane	  6,	  CaFTase	  
(Chapter	  5);	  Lane	  7,	  TbFTase;	  Lane	  8,	  hFTase.	  	  For	  the	  GGTase-‐I	  enzymes,	  molecular	  weight	  of	  
subunits	  is	  so	  close	  that	  they	  often	  do	  not	  resolve	  well	  on	  an	  SDS-‐PAGE	  gel.	  	  B)	  Crystals	  of	  TbFTase	  
(monoclinic	  form)	  that	  diffract	  to	  ~5	  Å	  resolution.	  	  C)	  Crystals	  of	  AfGGTase-‐I	  exhibit	  a	  plate-‐like	  
clustered	  morphology.	  	  	  
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containing 0.05M MgCl2, 0.1M Tris-HCl pH 8.5, and 3M 1,6-hexanediol in a hanging 

drop format at 17°C.  This condition produced small rods (100µm x 20µm x 20µm 

dimensions) that diffract to approximately 5Å resolution (Figure 6.1).   The space group 

appears to be primitive monoclinic (P21), with unit cell dimensions 285Å x 137Å x 287Å, 

β=117°.  With these paramaters, solvent content analysis indicates approximately 10 

molecules of TbFTase per asymmetric unit (solvent content 66%), with a total molecular 

weight of 1.35 million Daltons.   

This crystal form could only be reproduced with two batches of TbFTase protein, 

although over a dozen batches have been purified to date.  The low reproducibility has 

precluded further optimization of the crystals to permit generation of complete 

crystallographic data sets for structure solution. 

To investigate further the irreproducible crystals, several batches of protein 

(including one that yielded the indicated crystal form) were examined using mass 

spectrometry by the Duke University Proteomics Facility (data not shown).  No evidence 

of proteolysis was observed in any of the samples, ruling out crystallization of a fragment 

of TbFTase.  However, the staff scientists in the facility indicated that the batch of 

protein that yielded crystals exhibited a mixture of oxidation states, wheras the batches 

that yielded no crystals were more homogeneous in oxidation state.  Whether this was a 

contributing factor in crystallization success, however, is difficult to test.  Titrations of 

reducing agent (DTT and TCEP) from 0 to 10 mM were explored using several batches 

of protein that had not previously crystallized; however no conditions were identified that 

recapitulated the original crystal form.   
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To obtain the second crystallization hit, TbFTase was incubated with FPP only, 

and TCEP was added to a final concentration of ~7mM (from a 0.5M stock solution 

obtained from Sigma Aldrich) directly to the protein solution prior to drop setup.  The 

well solution of the second hit contained 0.2M Li2SO4, 0.1M imidazole pH 8.0, 100mM 

sodium citrate, and 10-15% PEG3K.  The crystallization experiment was again hanging 

drop format at 17°C.  These crystals are readily reproducible across batches; however, 

even with synchrotron-sourced X-rays, we observe almost no detectable diffraction (a 

handful of reflections around the beamstop).  Multiple cryoprotection reagents have been 

attempted, including ethylene glycol, glycerol, high concentration of PEG3K, and 

sucrose.  Room temperature X-ray data collection on a capillary-mounted crystals has not 

been attempted, so it is not yet known whether the intrinsic diffraction limit of the 

crystals is poor, or if cryoprotection not sufficiently optimized.  

Cloning, expression, and purification of CnGGTase-I and AfGGTase-I 

 As with TbFTase, the pCDFDuet-1 vector was used as a basis for the expression 

constructs for CnGGTase-I and AfGGTase-I.  The α subunits were cloned into multiple 

cloning site 1 in frame with the N-terminal 6xHis tag.  The β subunits were cloned into 

multiple cloning site 2.   

 The AfGGTase-I construct exhibits the highest levels of soluble recombinant 

protein expression when transformed into C41(DE3) E. coli and induced at 18°C 

overnight, as with TbFTase.  By contrast, the CnGGTase-I expression was conducted in 

BL21(DE3)-RIL cells, which are enhanced for rare tRNAs for Arg, Leu, and Ile.  Many 

C. neoformans genes, including that of CnFTase, possess high numbers of rare Arg and 

Leu codons.  BL21(DE3)-RIL cells were required to enable purification of milligram 
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levels of CnFTase (Chapter 4).   Expression of CnGGTase-I was induced at 18°C 

overnight. 

 Purification of both enzymes proceeds similarly for the first two chromatographic 

steps.  Cell lysate was first applied to a Ni-NTA column.  The elution from this column 

was applied to a Phenyl Sepharoase HIC column on the FPLC.  AfGGTase-I eluted near 

the middle of the gradient from 0.8M (NH4)2SO4 to 0 (NH4)2SO4 on the Phenyl 

Sepharose column.  AfGGTase exhibits high purity at this stage of the purification; the 

eluted protein can be pooled, buffer exchanged (by dialysis or using a centrifugal 

concentrator), and flash frozen at -80°C for storage.  Purified protein is shown in Figure 

6.1. 

 CnGGTase-I elutes near the end of the (NH4)2SO4 gradient on the Phenyl 

Sepharose column, along with several contaminating proteins.  To achieve high levels of 

CnGGTase-I homogeneity, the fractions containing the protein from the Phenyl 

Sepharose column were pooled and loaded onto a Q-Sepharose column.  The protein 

elutes near the middle of a gradient from 0 to 0.5M NaCl, and the fractions can be 

pooled, buffer exchanged, and frozen at -80°C for storage.  Purified protein is shown in 

Figure 6.1. 

 Typical yield for AfGGTase-I is approximately 3 mg purified protein per liter of 

E. coli culture.  The expression levels of CnGGTase-I are much higher; approximately 10 

mg of purified protein can be expected per liter of culture.   
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AfGGTase-I preliminary crystallization 

 AfGGTase-I was incubated with 3-fold molar excess of GGPP prior to high-

throughput crystallization screening using the Mosquito robot.  Six commercially 

available 96-condition screens were employed, and several related crystallization hits 

were found.  In common to all hits was MgCl2 and PEGs of varying molecular weights.  

Optimization has produced the following condition:  12-18% w/v PEG3000, 250mM 

MgCl2.   

 Crystals adopt a thin plate morphology and are often clustered (Figure 6.1).  

Maximal size of the plate crystals can exceed 300 µm in two dimensions; however, the 

third dimension is invariably less than 10	  μm.	  	  To date, little diffraction data has been 

collected from these crystals.  Cryoprotected in either ethylene glycol or sucrose, they 

diffract to a resolution of approximately 4Å.  The diffraction patterns exhibit pathologies 

associated with thin crystals that often grow in clusters:  streaked spots and multiple 

lattices.  Consequently, a space group has not been determined for these crystals.  

Additional refinement of handling techniques may be required to collect a complete and 

usable X-ray data set.   Additional screening of crystallization conditions may also yield a 

new crystal form with three dimensions that would be more tractable for structural 

studies. 

 

Materials and Methods 

Cloning, expression, and purification of TbFTase 

 Plasmids containing the open reading frames of TbFTase α and β were provided 

by the Gelb laboratory.  The α subunit was digested from the plasmid using BamHI, and 
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ligated into the BamHI site in MCS-I of the pCDFDuet-1 vecor (Novagen).   The Duke 

University DNA Analysis Facility provided sequence data to identify a properly-oriented 

and error-free open reading frame at MCS-I.  Once a correct clone was identified, 

mutagenesis was required to remove a stop codon in between the open reading frame of 

TbFTase α in frame and the 6xHis tag encoded by the vector.  The Stratagene 

QuikChange mutagenesis kit was used to introduce this modification with the following 

primers: 

5'-CACAGCCAGGATCCTTTGGAGGTAAAAGGTATGAATAAAAGCGCGGTTC-3' 

5'- GAACCGCGCTTTTATTCATACCTTTTACCTCCAAAGGATCCTGGCTGTG-3' 

After a correct 6xHis-tagged TbFTase α subunit clone was generated, the 

TbFTase β subunit was digested from the original vector provided by the Gelb laboratory 

with NdeI and BglII restriction enzymes and ligated into MCS-II of pCDFDuet-1.  

Clones containing the insert were  also submitted for sequence analysis.   

 The completed expression vector was transformed into C41(DE3) E. coli.   

Cultures were grown to an OD of 0.7-1.0, and induced with 1mM IPTG.  ZnSO4 was 

added to 300 µM concomitant with IPTG; previous studies by the Fierke lab indicated 

that availability of Zn2+ during induction improved levels of expression of hFTase.  The 

temperature was lowered to 18°C and the induction continued for ~16 hours (overnight).   

 Cells were harvested by centrifugation (3000xg for 15 minutes).  The cell pellet 

was resuspended in Ni-NTA Buffer A (1xPBS pH 7.4, 20 mM imidazole, and 10 mM 

MgCl2, SigmaFast Protease Inhibitor cocktail) at a 1:10 w:v ratio.  Cells were lysed using 

a pressurized homogenizer (Microfluidics Corp.), and the lysate was subjected to 

centrifugation (40,000xg for 30 minutes).  The clarified lysate was subjected to Ni-NTA 
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chromatograpy in a gravity column.  The resin was batch loaded, washed with Ni-NTA 

Buffer A, and eluted in Ni-NTA Buffer B (same as Buffer A, but with 250 mM 

imidazole).    

Ammonium sulfate buffer additive (ASBA, composed of 1M (NH4)2SO4, 20 mM HEPES 

pH 7.5, and 5µM ZnCl2) was mixed with the Ni-NTA elution at a ratio of 1:4 

(eluate:ASBA) to bring the concentration of (NH4)2SO4 in the mixture to 0.75M.  The 

mixture was then applied using the FPLC to a Phenyl Sepharose (50mL bed volume) 

column pre-equilibrated in Phenyl Buffer A (0.8M (NH4)2SO4, 20 mM HEPES pH 7.5, 

and 5µM ZnCl2, 5mM DTT).  The column was washed with three column volumes of 

Phenyl Buffer A, and eluted in a linear gradient (8 column volumes, 5-mL fractions) from 

100% Phenyl Buffer A to 100% Phenyl Buffer B (20 mM HEPES pH 7.5, 5µM ZnCl2, 

5mM DTT).   

Fractions containing TbFTase were identified using SDS-PAGE and pooled.  The 

conductivity of the fractions was checked to ensure it was below 10 mS/cm; if not below 

this threshold, Phenyl Buffer B was added to dilute the salt.  The pooled fractions were 

then applied using the FPLC to a Q-Sepharose column (20 mL bed volume) pre-

equilibrated in Q-Sepharose Buffer A (same composition as Phenyl Buffer B).  The 

column was washed with three column volumes of Q-Sepharose Buffer A.  The column 

was then eluted using a linear gradient (8 column volumes, 3-mL fractions) from 100% 

Q-Sepharose Buffer A to 100% Q-Sepharose Buffer B (same as Q-Sepharose Buffer A, 

but with 0.5M NaCl added).   TbFTase elutes near the middle of this gradient. 

Fractions containing pure TbFTase were identified using SDS-PAGe, pooled, and 

concentrated in a centrifugal concentrator (Amicon, 50 kDa MWCO).  The concentrator 
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was used to buffer-exchange the protein into a defined final buffer for crystallization, 

with a composition identical to Q-Sepharose Buffer A.  The protein was then 

concentrated to 8-10 mg/mL, flash frozen in liquid nitrogen, and stored at -80°C. 

 

Crystallization of TbFTase 

 Prior to crystallization drop setup, aliquots of TbFTase were thawed and 

incubated with substrates.  For the binary complex with FPP only, the lipid was added 

from a 20 mM stock to a 3-fold molar excess, and the mixture was incubated on ice for 

30 minutes.  Ternary complexes were assembled by adding FPT-II (Calbiochem) at a 3-

fold molar excess, and the mixture was incubated on ice for 30 minutes.  The CaaX 

peptide (30 mM stock) was then added to a 3-fold molar excess and allowed to incubate 

on ice for 30 minutes. 

 Commercial 96-well crystallization screens were purchased from QIAGEN.  The 

Mosquito liquid handling robot was used to set up TbFTase crystallizations using the 

hanging drop format.  Using the Mosquito, 200 nL of protein was mixed with 200 nL 

well solution, and the trays were incubated at 17°C.   

Crystal optimizations were conducted on a larger scale in hanging drop format.  

For large scale drops, 1 µL of protein was mixed with 1 µL of well solution.  Two 

crystallization hits were identified for TbFTase.   The first hit was obtained using a 

ternary complex of TbFTase, FPT-II, and the CaaX peptide DDPTASACNIQ.  The well 

solution components were 0.05M MgCl2, 0.1M Tris-HCl pH 8.5, and 3M 1,6-hexanediol.  

For this condition, the crystals were not reproducible across batches of protein.  As a 

consequence of the high concentration of 1,6-hexanediol, these crystals could be frozen 
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directly from the crystallization drop without further cryoprotection.  Diffraction data 

were collected at SER-CAT (beamlines 22-ID and 22-BM at the Advanced Photon 

Source, Argonnne National Laboratory).  Crystals proved to be radiation sensitive and 

diffracted to a resolution of ~5Å.  Although a complete data set was not collected, 

crystals could be indexed using HKL-2000, which suggested a primitive monoclinic 

space group with unit cell dimensions 285Å x 137Å x 287Å, β=117°.  A Matthews 

calculation (CCP4) indicated at least 10 molecules of TbFTase in the asymmetric unit 

(solvent content 66%).   

 A second crystallization condition was identified using a binary complex of 

TbFTase and FPP, and included the following components: 0.2M Li2SO4, 0.1M 

imidazole pH 8.0, 100mM sodium citrate, and 10-15% PEG3K.  These crystals are 

reproducible across different batches of protein but do not diffract to resolutions better 

than ~25Å when exposed to synchrotron X-rays at SER-CAT. 

 

Cloning, expression, and purification of AfGGTase-I 

Aspergillus fumigatus cDNA was provided by the Steinbach laboratory (Duke 

University Medical Center, Department of Molecular Genetics and Microbiology).  The 

open reading frame encoding the GGTase-I β subunit was amplified using standard PCR 

techniques using the following primers: 

Forward primer 

5'-GCACGTAGGTACCATGACAGAGACAGTCTTCAACAG-3' 

Reverse primer 

5'-ATCGCGCTTAATTAATCAATTCGTCTCTTGCCACCAGGG-3' 



	   160	  

The PCR fragment was digested using KpnI (forward, underlined) and PacI (reverse, 

underlined) restriction endonucleases and subcloned into the pCDFDuet-1 vector that 

already contained a correctly inserted A. fumigatus FTase/GGTase-I α subunit (Chapter 

5).  The completed expression construct was sequenced by the Duke University DNA 

Analysis Facility. 

 The expression construct was transformed into C41(DE3) cells for expression.  

Cultures were grown to an OD of ~0.7-1.0, and then induced with IPTG (1mM final 

concentration).  Concomitant with induction, the temperature was lowered to 18°C, and 

the induction continued overnight (~16 hours).   

 The purification of AfGGTase-I was performed using the protocol outlined above 

for TbFTase.  However, only the Ni-NTA column and Phenyl Sepharose column were 

required to purify AfGGTase-I to homogeneity.  Fractions from the Phenyl Sepharose 

column containing AfGGTase-I were identified using SDS-PAGE and pooled.  A 

centrifugal concentrator (Amicon, 50kD MWCO) was used to buffer-exchange the 

pooled fractions.  Following buffer exchange, the protein was concentrated to 

~11mg/mL, flash frozen in liquid nitrogen, and stored at -80°C. 

 

Crystallization of AfGGTase-I 

 Prior to crystallization experiments, AfGGTase-I was incubated with a 3-fold 

molar excess of its cognate lipid substrate, GGPP, on ice for 30 minutes.  

Commercial 96-well crystallization screens were purchased from QIAGEN.  The 

Mosquito liquid handling robot was used to set up AfGGTase-I crystallizations using the 
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hanging drop format.  Using the Mosquito, 200 nL of protein was mixed with 200 nL 

well solution, and the trays were incubated at 17°C.     

Several related hits for AfGGTase-I were identified; the crystals with the best 

morphology to date were obtained in 12-18% w/v PEG3000 and 250mM MgCl2.  Drop 

size was scaled up to 1µL x 1µL from the original hit from the Mosquito trays in both 

hanging drop and sitting drop vapor diffusion formats; in both cases, the plate-like crystal 

morphology is similar.  Crystals were subjected to extensive additive screening using the 

Hampton Additive Screen (Hampton Research, Inc.) and the parent PEG3000/MgCl2 

condition.  However, morphology has not improved such that the crystals exhibit three 

significant dimensions.   

Crystals were cryoprotected using a stepwise transfer into a mother liquor 

solution supplemented with either 20% ethylene glycol (v/v) or 20% sucrose (w/v).  

Diffraction data were collected on the AfGGTase-I plate crystals at SER-CAT (beamlines 

22-ID and 22-BM at the Advanced Photon Source, Argonnne National Laboratory).  

Crystals diffract to a maximal resolution of approximately 4-5Å, however the diffraction 

patterns exhibit pathologies associated with plate-like crystals: streaked spots and 

multiple lattices.  Consequently, the crystals could not be confidently indexed for space 

group assignment. 

 

Cloning, expression, and purification of CnGGTase-I 

Cryptococcus neoformans cDNA was provided by the Alspaugh laboratory (Duke 

University Medical Center, Department of Medicine).  The open reading frame encoding 
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the GGTase-I β subunit was amplified using standard PCR techniques using the 

following primers: 

Forward primer 

5'- ATTAGGCTCATATGCACCCACACCAGGCCACCTTC-3' 
 
Reverse primer 

5'- TATTCTTGCCTAGGTCATGATCGTTCTAGTTCCTTGACCCTAGTG-3' 
 
The PCR fragment was digested using NdeI (forward, underlined) and AvrII (reverse, 

underlined) restriction endonucleases and subcloned into the pCDFDuet-1 vector that 

already contained a correctly inserted C. neoformans FTase/GGTase-I α subunit (Chapter 

4).  The completed expression construct was sequenced by the Duke University DNA 

Analysis Facility. 

 The expression construct was transformed into BL21(DE3)-RIL cells for 

expression.  Cultures were grown to an OD of ~0.7-1.0, and then induced with IPTG 

(1mM final concentration).  Concomitant with induction, the temperature was lowered to 

18°C, and the induction continued overnight (~16 hours).   

 The purification of CnGGTase-I was performed using the protocol outlined above 

for TbFTase and AfGGTase-I.  Like TbFTase, CnGGTase-I required a Q-Sepharose ion 

exchange column to achieve high purity.  A centrifugal concentrator (Amicon, 50kD 

MWCO) was used to buffer-exchange the pooled fractions from the Q-Sepharose 

column.  Following buffer exchange, the protein was concentrated to ~11mg/mL, flash 

frozen in liquid nitrogen, and stored at -80°C. 
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Chapter 7 

Future directions 

 

Summary 

 The work presented in this dissertation addresses important questions surrounding 

the structural biology and inhibition of protein prenyltransferases.  Perhaps more 

importantly, however, this work can serve as a foundation for future structural and 

biochemical studies of protein prenyltransferases.  In this chapter, I shall highlight major 

questions that remain in the field and outline possible experimental approaches to address 

these questions.   

One major area of interest is the elucidation of X-ray structures of additional 

novel protein prenyltransferases, particularly those from protozoan pathogens such the 

malaria parasite.  A large set of novel prenyltransferase structures may be used for in 

silico screening to identify new pathogen-selective compounds.  In addition, direct 

structural investigations of the transition state of the protein prenyltransferase reaction 

may be possible with the advent of new chemical tools.   

Finally, little is known about the shuttling of CaaX proteins through the 

prenylation pathway, from the initial lipidation step by protein prenyltransferases, 

through the downstream processing steps by ICMT and Rce1.  It has been long 

hypothesized that the prenylated product exit groove and the slow product release 

kinetics of FTase and GGTase-I are not, in fact, mechanistic artifacts; rather, the product 

release step may be used to regulate the handover of prenylated CaaX substrates to the 
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integral membrane proteins that carry out the proteolysis and methylation steps in the 

prenylation pathway.  Moreover, ICMT and Rce1 are important targets of cancer 

chemotherapeutic development.  Structural studies of these integral membrane proteins 

may yield insight into the regulation of post-prenylation processing steps, as well as 

provide a basis for designing inhibitors of these enzymes. 

Taken together, the studies outlined in this chapter will contribute to our 

understanding of the structural basis of prenyltransferase inhibition across species, 

potentially yielding potent new therapeutics for numerous disease indications.  Perhaps 

most importantly, however, these studies may also significantly advance our 

understanding of the regulation of the entire protein prenylation pathway in the cell.  

 

Structural studies of protein prenyltransferases from human pathogens 

 This dissertation describes the first structures of non-mammalian protein 

prenyltransferases.  However, all novel structures presented belong to fungal pathogens.  

A significant number of human diseases are caused by protozoan pathogens, and protein 

prenyltransferases have been identified as attractive drug targets for these indications as 

well. 

 Compared with human and fungal enzymes, the protein prenyltransferases from 

pathogenic protozoans are much larger in size.  With few exceptions, these enzymes 

possess large insertions of amino acids in between conserved secondary structure 

elements in the α and β subunits of FTase and GGTase-I.  Using available bioinformatics 

tools, these insertions are predicted to be largely disordered.  Large unstructured regions 

can present significant obstacles to structure determination; indeed, crystallization trials 
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of the FTase from Trypanosoma brucei (the causative agent of African Sleeping 

Sickness) have been largely unsuccessful in producing crystals that exhibit X-ray 

diffraction of sufficient quality for structure determination.  

T. brucei FTase is currently the only protozoan FTase capable of being expressed in 

E. coli in quantities sufficient for structure determination.  However, the tools that make 

this expression system possible (Chapter 6) have only recently become available, and 

they have not to date been applied to the expression of other protozoan FTases.  I propose 

that the FTase enzymes from other trypanosome species, as well as the FTase from the 

related protozoan pathogen Leishmania sp. may be subcloned and expressed in a manner 

similar to that described for TbFTase (Chapter 6).  Crystallization screening using 

multiple enzymes from related species should increase the likelihood of structure 

determination of at least one representative trypanosomatid protein prenyltransferase.  

Even a single representative novel structure should provide invaluable insight into the 

ways in which these enzymes diverge from mammalian and fungal orthologs.  This 

insight can then be exploited in the development of selective therapeutics for African 

Sleeping Sickness, Chagas Disease, and leishmaniasis.   

The most deadly protozoan pathogen, Plasmodium falciparum (malaria), kills over a 

million people across the world each year.  In contrast to the trypanosomatids, which can 

usually be expressed in reasonable quantities in an SF9/baculovirus system, no 

recombinant expression system currently exists for P. falciparum FTase (PfFTase). 

Currently, PfFTase must be isolated from a native source, which is insufficient for even 

robust kinetic characterization, let alone structure determination.  
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The genes encoding PfFTase are highly AT-rich, which is typical of the P. 

falciparum genome.  Genes with high AT content are often difficult to express in 

heterologous systems due to the frequency of rare codons and the propensity of AU-rich 

mRNA to form secondary structures that cause premature termination of translation.  

Furthermore, at 1,444 amino acids, PfFTase is by far the largest protein prenyltransferase 

for which a sequence is available.  It is over 300 amino acids larger than other protozoan 

prenyltransferases, and over 600 amino acids larger than human FTase.    

 New bioinformatics tools are being developed to overcome problems such as this 

(Allert et al., 2010; Cox et al., 2007).  These advanced algorithms can balance codon 

usage, eliminate mRNA secondary structures, and increase the expression levels of genes 

with problems similar to PfFTase.  I propose that the genes for PfFTase α and β be 

redesigned using these algorithms and synthesized.  The optimized genes can then be 

tested using the expression techniques described in previous chapters.  Expression of 

even small amounts of protein could be transformative for the fields of malaria research, 

as well as protein prenyltransferase structural biology.  

 

In silico screening for novel inhibitor scaffolds 

 Although many useful FTI and GGTI scaffolds exist that can be repurposed as 

infectious disease treatments, alternative mechanisms can also be used to identify novel 

drug candidates.  Several docking and in silico screening programs have been developed 

recently that possess robust algorithms for identifying new inhibitors of enzymes (Fan et 

al., 2009; Irwin et al., 2009; Jorgensen, 2009; Keiser et al., 2009).  In addition, vast 

virtual compound libraries have become available that are free or much lower in cost than 
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physical libraries of compounds (Irwin and Shoichet, 2005).  Using a set of novel protein 

prenyltransferase structures determined as part of this dissertation (as well as future 

studies), I propose that virtual inhibitor screening be performed to identify new drugs to 

treat infectious diseases.  Screening multiple pathogen prenyltransferase structures 

against the virtual libraries in parallel may identify lead compounds that can be effective 

against multiple pathogens.  Such broad spectrum compounds are desirable to keep 

development costs for new drugs low; particularly for diseases such as malaria that 

threaten developing nations, low drug development costs are not just desirable, but 

essential to make distribution of new treatments economically feasible in the long term. 

 

Structural investigations of the protein prenyltransferase reaction transition state 

 The structural enzymology of protein prenyltransferases has been studied 

extensively in solution and using X-ray crystallography.  The mechanisms by which the 

enzyme selects its substrates are well understood, as are the basic parameters of the 

reaction chemistry.  However, until recently, the role of the second metal (a transiently-

associated Mg2+) was unclear.  Several groups have recently published kinetic isotope 

effect studies and computational investigations that shed light on the role of Mg2+ during 

the reaction (Cui and Merz, 2007; Pais et al., 2006; Yang et al., 2010).  Solution and 

theoretical studies appear to have converged upon a model in which the Mg2+ is recruited 

first to the diphosphate moiety of FPP, and its predominant role is to license and facilitate 

the conformational change of the isoprenoid during chemistry.   

 The most direct support of this model would be the observation of a Mg2+-

dependent conformational intermediate of the isoprenoid using X-ray crystallography.  



	   168	  

Aside from supporting a major hypothesis about how protein prenyltransferases catalyze 

their unique reaction chemistry, visualizing any previously-unidentified structural 

intermediates in the reaction path may provide insight into the nature of the transition 

state.  Transition state mimics are often terrific inhibitors (Schramm, 2005), which may 

be useful in future development of anticancer and infectious disease therapeutics. 

 Several recently-described chemical tools may facilitate the capture of new 

structural intermediates using X-ray crystallography.  The Distefano lab at the University 

of Minnesota has described several series of FTase substrates with a photolyzable caging 

group (DeGraw et al., 2008).  Use of caged compounds is a well-established method of 

synchronizing a chemical reaction in a protein crystal (Stoddard et al., 1998).  Laue X-ray 

data collection can be coupled to a laser light source for compound decaging, making 

possible the time-resolved crystallographic analysis of chemical reactions (Ren et al., 

2001; Stoddard, 1998; Stoddard et al., 1998).  FTase has a number of advantages for 

time-resolved X-ray crystallography.  First, the space group is fairly high symmetry, 

which permits fast, high-completeness data collection using Laue methods in fewer 

exposures.  Second, the amount of scattering mass that is changing during the chemical 

reaction (the diphosphate moiety and the first two isoprenes of FPP) is incredibly small, 

relative to the unchanging scattering mass of the enzyme (94 kDa) in the crystal.  

Consequently, the level of noise in the Fo-Fo difference maps calculated in this sort of 

analysis is predicted to be low.  Finally, FTase is a sluggish enzyme by most standards, 

with the rate for conformational change of the isoprenoid substrate predicted to be well 

within the current technological limits of time-resolved X-ray crystallography. 
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 A more straightforward approach for capturing conformational intermediates of 

FPP also involves the use of modified substrates.  However, this class of modified 

substrates can be activated without having to remove a caging group with laser light, a 

process which is not exceptionally efficient.  Recently, an analog of FPP has become 

commercially available, which bears a sulfur instead of an oxygen as the briding atom 

between the diphosphate moiety and the C1 of the lipid moiety.  Preliminary experiments 

with this compound are described in Chapter 4.   

 The net effect of the O to S substition in FSPP is to slow down the reaction 

chemistry.  Preliminary experiments show that crystals of CnFTase, in the absence of 

divalent metal ions, can contain both FSPP and a CaaX peptide for nearly a week without 

significant turnover into product.  However, addition of Mg2+  in a soaking solution to 

these crystals can drive complete formation of product in a time span of 2 hours or less.  

This result suggests that a metal challenge can be used to synchronize the 

prenyltransferase reaction in the crystal on a time scale that may be tractable for a freeze-

trapping scheme.  Using such a scheme, crystals containing a ternary complex of FSPP 

and a CaaX peptide will be transferred manually to a Mg2+ soaking solution for varying 

amounts of time, and then flash frozen in liquid nitrogen.  It is possible that a crystal 

structure determined at one of the time points between t=0 and t=2 hours will reveal a 

conformational intermediate of FPP between the resting state and product.  Furthermore, 

use of Mn2+, which exhibits anomalous scattering of X-rays, in place of Mg2+  may permit 

the confirmation of the site of Mg2+ association during the reaction using anomalous 

difference Fourier analysis. 
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Structural studies of ICMT and Rce1 

  The existence of a well-defined product exit groove in FTase and GGTase-I, 

along with the slow product release kinetics of these enzymes, has led to speculation that 

regulation of product release is critical for downstream prenylated protein processing 

(Long et al., 2002; Taylor et al., 2003).  By retaining the product in the active site, FTase 

and GGTase-I could directly hand the prenylated CaaX protein over to the first post-

prenylation processing enzyme, Rce1.  Furthermore, it is possible that FTase, Rce1, and 

ICMT form a transient tripartite complex at the ER membrane to increase the efficiently 

with which prenylated proteins are shuttled between enzymes and matured.  These 

tantalizing hypotheses can be tested using structural studies, including small angle X-ray 

scattering (SAXS) and crystallography. 

SF9/baculovirus and yeast expression protocols for Rce1 and ICMT have been 

described, with yields that may be amenable to structural studies (Anderson et al., 2005; 

Otto et al., 1999).  However, few data have been published indicating a mechanism by 

which these proteins can be isolated from membranes and solubilized in their active 

states in detergents, prerequisites for crystallographic analysis.  Futures studies can be 

focused on purifying these enzymes in detergent-solubilized active forms. 

Detergent-solublized integral membrane proteins may then be studied using 

SAXS.  SAXS studies of Rce1 or ICMT (alone and in combination with each other and 

protein prenyltransferases) may provide evidence for the existence of oligomeric states of 

the integral membrane proteins themselves.  Further, it may be possible to observe 

association of the protein prenyltransferases with Rce1 and ICMT.  As the reaction 

coordinate for protein prenyltransferases have been well-characterized by solution 
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kinetics and structural studies (Chapter 1), large scale preparations of FTase and 

GGTase-I containing ternary substrate complexes, product complexes, and displaced 

product complexes would be straightforward.  Therefore, the ability of each of these 

discrete complexes to induce transient associations between prenyltation pathway 

enzymes is quite testable via SAXS. 

In parallel with the SAXS studies, crystallization screening can be carried out 

using detergent-solubilized ICMT and Rce1.  Compared with many integral membrane 

proteins for which X-ray structures have been solved, ICMT, Rce1, and Zmpste24 are 

fairly small, and most of their mass is contained inside the membrane.  In detergent-

solubilized form, most of the surface area of the proteins will be obscured by the 

molecules comprising the detergent micelle.   Crystallization may therefore be 

challenging, since the surface area for forming crystal contacts will be limited.  Similar 

challenges were faced in the recent structure determination of the β-adrenergic receptor 

(β-AR), a G-protein coupled receptor.  To overcome this obstacle, a an expression 

construct for the β-AR  was created in which an entire second protein (T4 lysozyme) was 

inserted in a cytoplasmic loop connecting two transmembrane helices (Cherezov et al., 

2007; Rosenbaum et al., 2007).  T4 lysozyme is a highly stable, compact protein that 

served to increase the accessible surface area for forming crystal contacts.  I propose that 

a similar strategy may be employed for future structural studies of Rce1, Zmpste24, and 

ICMT. 
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