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Abstract 

 Bark beetles have had devastating economic and environmental impacts in both 

the United States and Canada in the last decade.  Male pioneer pine engraver beetles, Ips 

pini, find a host tree and release an aggregation pheromone, ipdienol.  Ipsdienol is 

produced de novo in midgut tissue and is released through the frass to signal other beetles 

to initiate a mass attack and colonize a tree. Both feeding and juvenile hormone III 

(JHIII) treatment stimulate pheromone production.  Studies of the genes involved in the 

pheromone biosynthetic pathway have showed that mevalonate pathway and downstream 

genes are upregulated.  However, there is not necessarily a direct relationship between 

transcript and protein levels, and this work used proteomic studies to examine protein 

levels in midgut tissue. 2D-DIGE and ProQ Diamond phosphoprotein staining were used 

to examine the expression of proteins and phosphorylated proteins involved in the 

pheromone producing midgut tissue.   The results show a lack of a linear relationship 

between the high transcript levels previously reported and an increase in protein 

expression.  In addition, several key proteins involved in pheromone production in 

midgut tissue appear to be phosphorylated when male beetles were treated with juvenile 

hormone III to induce pheromone production.    

Cytochromes P450 are a diverse superfamily of enzymes that are found in 

organisms ranging from bacteria to animalia.  The P450 family has a broad substrate 

range and catalyzes reactions involving both xenobiotics and endogenous substrates.  

Musca domestica and Drosophila melanogaster each contain a closely related P450, 

CYP4G2 and CYP4G1, respectively. Their known function is to oxidatively 

decarbonylate long-chain aldehydes to produce hydrocarbons.  Because of the difficulties 



ii 
 

 

in expressing and assaying CYP4G2, molecular modeling was used to gain a better 

understanding of this enzyme.  The molecular model of CYP4G2 was constructed using 

homology modeling and molecular mechanics with Sybyl8.0, AMBER 99_7 force field, 

using PDB1DT6 (CYP2C5) as a template.   

Methyl branches are inserted early in fatty acid synthesis during methyl-branched 

hydrocarbon production. They are located toward the methyl end of the fatty acid and 

resulting aldehyde.  It is hypothesized that methyl branches closer to the carbonyl group 

of the aldehyde could hinder substrate binding and/or could create an energy barrier when 

the substrate or product travel through the substrate channel.  Thus, it is hypothesized that 

insects evolved enzyme systems to put the methyl branch on the methyl end of the fatty 

acid and aldehyde.  The model was used with Sybyl8.0, AMBER99_7 force field to 

calculate the individual energies of the substrates and products (octadecanal, n-

heptadecane, 4-methyloctadecanal, 4-methylheptadecane, and 3-methylheptadecane) as 

they traveled through the solvent accessible channel.    Although experimental assays 

need to be done to confirm this model, the analysis of the difference of van der Waals 

energies between methyl-branched and straight chain substrates suggest a possible energy 

barrier that methyl branched substrates and products must overcome in traveling through 

the substrate channel.  
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Chapter 1 

Introduction: Proteomic studies of pheromone production in the bark beetle,  

Ips pini 

 

I.  Bark beetles epidemic 

II. Bark beetles 

III. Pheromone production 

IV. Relationship between transcript and protein abundance 

V. Translation regulators 

VI. Figures 

 

I.  Bark beetle epidemic 

I.A.  Overview 

 The largest bark beetle infestation in history is occurring throughout the Western 

United States and Canada. The current infestation is more severe, encompasses a larger 

variety of ecosystems, and covers a greater geographic area than any outbreak previously 

observed (Figure 1, top) (Bentz 2009, U.S.F.S. 2011).  From 1997 – 2009, bark beetle 

infestations have resulted in over 41.7 million acres of mortality to conifer trees (Figure 

1, top and middle).  In the past decade, bark beetle infestation has reached epidemic 

proportions, involving numerous beetle and conifer species, and has made enormous 

environmental and social impacts (Figure 1, middle and bottom) (U.S.F.S. 2011).  Over 8 

million acres were newly infested in 2009 alone, and this outbreak is predicted to 

continue and expand into the future (Smith et al. 2009, U.S.F.S. 2010, U.S.F.S. 2011).  

According to the Canadian Forest Service, since the initial outbreak in the 1990s, over 
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50% of the commercial lodgepole pine in British Colombia was destroyed (Natural 

Resources Canada 2012). 

 There are several factors that have resulted in bark beetle infestations rising to 

epidemic proportions.  One important factor is that many forests have not been harvested 

or thinned.  When forests are thinned, there is less competition for nutrient resources and 

water by trees.  Thinned forests result in healthier trees that are ultimately better able to 

defend themselves against bark beetle attack. Another critical factor is climate change. 

The winters have been milder, resulting in higher winter survival rates of bark beetles. A 

milder winter also means that beetles may be able to produce more generations per year.  

The beetles have also migrated to higher elevations and/or places they had not been found 

before (Smith et al. 2009, U.S.F.S. 2010, U.S.F.S. 2011).  While each bark beetle requires 

different climate, elevation, and tree species to reproduce, in general beetles suffer a 

lower mortality rate during the milder winters. These factors, in addition to drought 

lasting multiple years, has led to a yearly amount of tree mortality from bark beetles that 

is equal to wild land fire caused tree mortality in the US (U.S.F.S. 2011). 

I.B.  Impact 

 With the increasing number of people living near and utilizing forest land for 

recreation, human safety concerns have risen as a result of the increased tree mortality 

caused by bark beetles.  Not only are the bark beetle damaged forests more susceptible to 

wildfire, but also up to 100,000 bark beetle killed trees are estimated to fall every day in 

Southern Wyoming and Northern Colorado (U.S.F.S. 2011).  They are safety threats on 

roads, campgrounds, trails and buildings; in addition, power lines and water supplies are 

at risk from falling trees (Bentz 2008, U.S.F.S. 2011). In June 2012, a camper in Grand 
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County Colorado was killed by a tree that fell because it had been killed by bark beetles 

(Kremmling 2012).   

 The average area of land impacted by bark beetles in the United States was 

estimated to be 20,400,000 hectares, with the economic cost for these destructive 

organisms estimated at approximately $1.5 billion (Dale et al. 2001, Waring et al. 2009).  

Increasing our understanding about bark beetles and the mechanisms by which they infest 

trees is important both for safety and economic reasons, and include the reduction of fuel 

for forest fires and making more trees available for logging. 

II. Bark beetles 

II.A. The importance of pheromones  

 Central to bark beetles attacking, colonizing and killing trees is the production 

and release of aggregation pheromones.  Pheromones are chemical messengers that elicit 

a response from other members of the same species.  Chemical communication is central 

to insects and they use alarm, trail, aggregation, sex, and epidietic pheromones to 

coordinate activities.   Bark beetles use aggregation pheromones to coordinate an attack, 

infest, and colonize trees. Among the major tree killing bark beetles, either males or 

females, depending upon the species, is the pioneer beetle.  The pioneer sex is the first 

that attacks a tree and produces aggregation pheromones (Wood and Bushing 1963).  

In Ips sp., males are the pioneer sex that first attack a tree. They release an 

aggregation pheromone that attracts both male and female beetles. This results in a “mass 

attack” that can overcome a tree’s defenses.  Beneath the bark, “nuptial chambers” are 

excavated and eggs laid.  Once hatched, the larvae feed on the phloem.  Once the tree has 

its full complement of beetles, anti-aggregation pheromones are released and serve as 



4 
 

epidietic or spacing pheromones signaling that the “tree is full” and additional beetles 

should seek a new tree. Ips pini can kill live trees when in “outbreak” conditions, but they 

more commonly attack recently fallen limbs, trees under attack from other beetles, and 

felled trees or stored logs.  

Healthy, well watered trees are less affected by bark beetle attacks and are able to 

fend off bark beetles by producing oleoresin, which protects trees from beetle attacks. 

Unhealthy, crowded and stressed trees are less able to protect themselves against bark 

beetles.  Once in the tree, bark beetles compromise the phloem. In addition all bark 

beetles carry the blue stain fungus, which invades the xylem and inhibits water transport 

in trees. It appears that either the bark beetle or the blue stain fungus could kill a tree, and 

together they are a deadly combination.  

If a single or a few beetles attack a tree, the tree is able to use its defenses to 

successfully fight off the bark beetle attack.  Therefore, the requirement for aggregation 

pheromones to cause the ‘mass attack’ of many beetles on the same tree is essential for 

the beetles to overcome the trees defenses in order for the next generation of beetles to 

survive and mature in the tree.   

III. Pheromone production 

III.A. Early studies 

 Early work on bark beetle pheromones led to the conclusion that the pheromone 

components were synthesized from host tree derived monoterpenes by simple 

hydroxylation reactions (Borden 1985, Hendry et al. 1980, Hughes 1973, Hughes 1974, 

Vanderwel 1994).  Evidence challenging this paradigm began accumulating in the early 

1990s, and by 2000 it was concluded that most of the components in the pheromone 
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biosynthetic pathway were synthesized de novo (Blomquist et al. 2010, Seybold et al. 

1995). The first conclusive evidence of de novo synthesis of bark beetle pheromones was 

the demonstration of labeled acetate being incorporated into ipdienol and ipsenol in I. 

pini and I. paraconfusus (Seybold et al. 1995). Most insects synthesize pheromones in 

glands on the abdomen. Thus, it was surprising when Hall et al. (2002a, 2002b) showed 

that in both I. pini and Dendroctonus jeffreyi, the aggregation pheromones ipsdienol and 

frontalin, respectively, were produced in the anterior midgut. This was consistent with the 

suggestion that pheromone production in bark beetles evolved from midgut detoxification 

enzymes that converted tree produced monoterpenes to hydroxylated pheromone 

components (Hall et al. 2002a, Hall et al. 2002b).  

III.B. Pheromone production in bark beetles 

In I. pini, production of ipsdienol is stimulated by either feeding or treatment with 

Juvenile Hormone III (JHIII), suggesting that feeding triggered JHIII synthesis that then 

induced pheromone production (Figure 2). Tillman et al. (2004) found that the maximal 

levels for ipsdienol production for I. pini after feeding on host phloem were between 16 

and 20 hours and that ipsdienol levels remained high for 36 hours (Tillman et al. 2004).  

The average maxima was 758ng/insect at 20 hours as a result of feeding (Tillman et al. 

2004).  JHIII treatment was even more effective, and the average maximum ipsdienol 

production was 2000ng/insect at 28 hours after treatment, and ipsdienol levels were high 

between 16 and 36 hours after treatment (Tillman et al. 2004).    

The production of ipsdienol and frontalin in the midguts of I. pini and D. jeffereyi, 

respectively, led to the expectation that all bark beetle pheromones were made in the 

midgut. This is not true, as demonstrated by the observation that D.  ponderosae, 
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produces the non terpenoid aggregation pheromone exo-brevicomin in fat body tissue 

(Song dissertation 2012). 

 The pheromones produced and released vary depending on the species of bark 

beetle. Many of the Ips species use ipsdienol and/or ipsenol as the main pheromone 

component, and different enantiomeric blends are produced by different species.  For 

example, western I. pini produce a 97%(-) and 3%(+) mixture while I. confusus produces 

ipsdienol with 3%(-) and 97%(+) enantiomers in a approximate 1:10 ratio with (-)ipsenol 

(Seybold et al. 1995). 

III.C.1. Ips pini pheromone biosynthesis 

 The initial studies with I. pini found that feeding increased pheromone production 

(Seybold et al. 2000, Tillman et al. 1998, Tillman et all, 2004).  Further investigations 

into the pheromone biosynthetic pathway led to the discovery that ipsdienol production 

was via the mevalonate pathway (Figure 3) through geranyl diphosphate and myrcene 

(Blomquist et al. 2010).  While plants are known to produce abundant amounts of 

monoterpenoids, this was the first demonstration that insects produce monoterpenoids. 

III.C.2. Juvenile hormone III and use in studies 

 Juvenile hormone III (methyl-10R,11-epoxy-3,7,11-trimethyl-2E,6E-

dodecadienoate) is one of a group of  juvenile hormones, acyclic sesquiterpenoids, that 

regulate various aspects of insect development and reproduction.  They are secreted by 

the corpora allata and are not only important to regulate insect metamorphosis (Bede et 

al. 2001), but also for reproduction including vitellogenin synthesis and egg production 

(Gilbert et al. 1996).  Feeding in male I. pini stimulates the production of JHIII which in 

turn stimulates the production of the aggregation pheromone ipsdienol.  Eigenheer et al. 
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(2003) created expressed sequence tags (ESTs) in I. pini and found seven mevalonate 

genes which appeared to be responsive to JHIII.  These genes were upregulated in midgut 

tissue of I. pini but not in Bombyx mori (Eigenheer et al. 2003).  The mevalonate genes 

included 3-hydroxy-3-methylglutaryl-CoA reductase (HMG-R),  3-hydroxy-3-

methylglutaryl-CoA synthase (HMG-S), acetyl-coenzyme A thiolase (AACT), 

mevalonate 5-diphosphate decarboxylase, isopentenyl-diphosphate isomerase (IPPI), 

geranyl-diphosphate synthase (GPPS), and farnesyl-diphosphate synthase (FPPS) 

(Eigenheer et al. 2003).  

The study from Eigenheer et al. (2003) suggested a JHIII regulation and Keeling 

et al. (2006) confirmed these results and showed upregulation of mRNA production of 

mevalonate pathway genes by JHIII treatment using qRT-PCR. In addition, Keeling et al. 

(2006) showed that with the up-regulation of the mevalonate genes, a number of other 

genes that were later shown to be in the pheromone biosynthetic pathway were also 

upregulated. To do this, they prepared microarrays from the ESTs and used them to 

determine the JHIII responsive genes with qRT-PCR (Keeling et al. 2006).   

Keeling et al. (2006) showed that out of the 574 tentatively unique genes (TUGs) 

on the microarray, 235 were significantly regulated.  They found four subgroups in the 

up-regulated genes: three genes that were initially down regulated, but ended with 

elevated transcript levels, twenty genes that were rapid and robust responders, twenty 

three genes that were intermediate responders, and twenty eight genes that were late 

responders.  The rapid robust responder group contained seven mevalonate pathway 

genes (Keeling et al. 2006).   
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Utilizing JHIII treatment and microarray analysis, work focused on the 

pheromone biosynthetic genes and proteins. By using JHIII treatment rather than feeding, 

the results concentrated on pheromone biosynthetic genes.  Feeding would have also 

upregulated transcripts and proteins involved in digestion and detoxification. Further 

studies focused specifically on identifying and characterizing ipsdienol dehydrogenase 

(IDOL DH), geranyl diphosphate/myrcene synthast (GPPS/MS), and CYP9T2 (Figueroa-

Teran et al. 2012, Gilg et al. 2005, Sandstrom et al. 2006).  

IV. Transcript and protein abundance 

 

IV.A. Overview 

 

 Sequencing technologies are constantly evolving and improving. The 

technologies developed for protein identification and quantification still lag behind the 

high throughput techniques developed to determine mRNA expression levels 

(Greenbaum et al. 2003).  Examining transcript levels to find proteins involved in 

pheromone biosynthesis was ground breaking and necessary in order to identify 

additional steps in this important pathway.  Unfortunately, mRNA expression does not 

necessarily correlate with protein abundance (Anderson and Seilhamer 1997, Glanemann 

et al. 2003, Gmuender et al. 2001, Gygi et al. 1999, Yoshida et al. 2001). Because the 

central dogma of molecular biology is DNA → RNA → Protein, it suggests that there 

may be a linear correlation between the expression of RNA and protein abundance, which 

is rarely the case. 

IV.B. Protein levels and lack of transcript correlation 

 Cellular protein levels are based on not just transcription, processing and 

degradation of mRNAs, but also on translation, post-translational modifications, 
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subcellular localization and degradation of the protein (Vogel and Marcotte 2012).  A 

lack of correlation between mRNA and protein expression levels could, in part, be due to 

the differing half-lives of both mRNA and proteins. Rates of protein synthesis and 

degradation vary for different proteins under different cellular conditions (Greenbaum et 

al. 2003). 

 Greenbaum et al. (2003) found that when there are open reading frames that have 

higher levels of ribosomal occupancy, meaning a larger percentage of cellular mRNA is 

associated with ribosomes and therefore being translated, there is a higher correlation 

between mRNA and protein levels than with open reading frames that have lower rates of 

ribosomal occupancy. 

 Another issue could also be the lag time between the detection of the mRNA and 

the translation of its respective protein (LeRoch et al. 2004).  In addition, the lag time 

between mRNA synthesis and protein production varies from protein to protein (LeRoch 

et al. 2004).  Ultimately, the results from LeRoch et al. (2004) imply that there are 

important mechanisms of post-transcriptional regulation that may include gene-specific 

control of translation, and/or the balance between mRNA stability and degradation 

(LeRoch et al. 2004).  One example is that for select genes in Plasmodium, untranslated 

transcripts are made and stored. One sex stage gene in particular that accumulates in 

female gametocytes, Pbs21 and its cognate protein does not accumulate until it is in a 

development stage where that protein is needed (LeRoch et al. 2004, Paton et al. 1993, 

Vervenne et al. 1994).  Examining and comparing both the transcript and protein 

abundance may suggest either strong transcriptional or post-transcriptional regulatory 

mechanisms (Vogel and Marcotte 2012). 
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 While many studies found no direct correlation between protein and transcript 

abundance, there have been a few studies which have found a strong correlation among 

some genes, but not all.  Vogel and Marcotte (2012) found that regulation of protein 

abundance depends on the protein’s role.  If a protein has a structural or housekeeping 

role, it will not degrade as rapidly as regulatory proteins that may require rapid 

production and degradation in reaction to a stimulus (Vogel and Marcotte 2012).  Vogel 

and Marcotte (2012) suggest that the proteins that are less variable in production and 

degradation (typically structural or housekeeping roles) have a greater correlation with 

mRNA levels.   

In order to examine some of the proteins involved in pheromone biosynthesis in I. 

pini,  Keeling et al. (2006) used qRT-PCR and found that IDOL DH and GPPS transcript 

expression levels increased 8 fold and 32 fold, respectively, after JHIII treatment when 

compared with the untreated controls.  Discrepencies between protein and transcript 

expression in this pathway became apparent when Figueroa-Teran (2012) used anti-

IpIDOL DH and anti-IpGPPS to run Western blots on fed and unfed male beetles and 

showed no significant differences in protein expression (Figueroa-Teran 2012).  This led 

to the suggestion that control of the proteins involved in the pheromone biosynthetic 

pathway is not exerted simply by the amounts of transcript. There must be other levels of 

regulation currently still unknown.  

 The lack of a direct relationship between transcript levels and protein abundance 

led to the questions of why there is such a difference and what is actually regulating the 

protein and its activity.   Protein abundance is the result of both protein production and 

degradation.  The factors involved in those two processes need to be further examined. 
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V.  Regulation of translation 

V.A. Overview 

 Protein production can be regulated either at the global or specific level.  Global 

regulation occurs when the translation of most mRNAs are regulated, e.g., by 

modification of factors that initiate translation (Gebauer and Hentze 2004).  Translation 

can also be regulated at the specific mRNA level. At this level, translation of a defined 

group of mRNA molecules is regulated without affecting general protein synthesis.  This 

would occur when regulatory protein complexes recognize specific portions of an mRNA 

sequence, usually present in the untranslated regions (Gebauer and Hentze 2004).   

Another way to control mRNA translation is through micro RNAs.  Micro RNAs can 

hybridize to mRNA sequences often found in the 3’untranslated region, ultimately 

controlling mRNA translation (Gebauer and Hentze 2004).  

VI. Control of enzyme activity 

VI.A. Post translational modifications 

 One important factor in determining protein activity is post translational 

modifications.  There are many modifications known, and their effects on proteins vary. 

For example, some proteins are activated by phosphorylation while others are more 

active in their unphosphorylated state.  Figure 4 shows some of the known types of post 

translational modifications.   

With the increased realization of the importance of post-translational 

modifications in regards to protein activity, databases that examine the statistical 

probability of post translational modifications have been developed, including PHOSIDA 
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(Gnad et al. 2010).  According to PHOSIDA, the most common type of posttranslational 

modification is phosphorylation, followed by acetylation and N-glycosylation (Table 1). 

VI.B. Phosphorylation 

 Protein phosphorylation occurs on tyrosine, threonine, and serine residues and 

there are website predictors dedicated to examining the probability of phosphorylation of 

specific proteins, i.e. NetPhos, and NetPhosK. Until there is experimental confirmation of 

the results, such predictors remain only a statistical probability that can help aid in 

narrowing down possible amino acids targeted by phosphorylation.       

 While there is still much progress to be made in optimizing methods used to 

determine post-translational modifications, there are various ways to examine specific 

modifications, for example phosphorylation.  The highly sensitive Orbitrap mass 

spectrometers can analyze modifications, such as phosphorylation.  However, significant 

amounts of protein are needed to make these modifications detectable.  Investigating 

specific phosphophorylation sites most often involves purification of phosphopeptides.  

One way to circumvent this issue is by using a stain which binds to phosphorylated 

proteins, such as ProQ Diamond, and analyzing the difference in phosphorylated protein 

profiles on a 2D gel, then excising the spots with a statistically significant differential 

expression between two groups (i.e. JHIII treated males versus control males) and 

sequencing them (Kulathingal et al. 2008). 

VI. C. Protein detection and quantification 

 Typically, prior to examining post-translational modifications, the actual 

expression profile of the proteins is determined, which usually begins with investigating 

the expression patterns of the transcript.  For many years, microarray and EST projects 
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have been performed in order to gain a better insight into gene regulation.  Recent studies 

have shown that there are inconsistencies between the transcript expression and protein 

expression (Anderson and Seilhamer 1997, Glanemann et al. 2003, Gmuender et al. 2001, 

Greenbaum et al. 2003, Gygi et al. 1999, LeRoch et al. 2004, Vervenne et al. 1994, Vogel 

and Marcotte 2012, Yoshida et al. 2001).   

 There are several methods available for determining and comparing protein 

expression levels, but when looking for undiscovered proteins that may be involved in a 

process, the options are limited.  One of the most common ways to examine protein 

expression patterns is by doing shotgun proteomics which involves trypsin digestion, 

followed by mass spectrometry.  The development of the highly sensitive Orbitrap mass 

detector has resulted in the detection of proteins previously undetected in low abundance 

samples.  A newer method has been recently developed for 2D gel electrophoresis that 

allows samples to be run on the same gel thus limiting the variation between 2D gels.  

This method is termed 2D-Difference In Gel Electrophoresis (2D-DIGE) (Alban et al. 

2003).   

 Using a maximum of 3 samples, each protein sample is labeled with either Cy2, 

Cy3, or Cy5 dye such that all 3 samples are labeled with a different dye (Figure 5).  Then 

they are imaged and examined at the different wavelengths ultimately allowing for in gel 

comparison between samples.     

In this work, 2D-DIGE was coupled with mass spectrometry to find differentially 

expressed proteins between male I. pini treated with JHIII and control males.  The 

resulting data from 2D-DIGE and Western blots suggested that other modes of enzyme 

control should be further studied, specifically phosphorylation.  To examine the 
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phosphorylated protein profile, 2D SDS gel electrophoresis and LC-MS was used to 

examine the difference in the expression of the phosphoprotein profiles and compare the 

JHIII treated with the control males.  
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VII.  Figures  

 

Bark Beetles 

California fivespined ips Pine engraver Douglas-fir engraver Red turpentine beetle 

Douglas-fir beetle Pinyon ips Douglas-fir pole beetle Roundheaded pine beetle 

Fir engraver Silver fir beetle Jeffrey pine beetle Western balsam bark beetle 

Ips pilifrons Southern pine beetle Lodgepole pine beetle Western cedar bark beetle 

Ips spp. Spruce beetle Mountain pine beetle Western pine beetle 

 

Figure 1.  Tree mortality and forested lands in the Western United States (upper). The 

middle image shows the number of acres of forested land with tree death as a result of 

beetle infestations.  The bottom table lists the most important species involved in the 

epidemic tree death in the Western US.  Figures are from the U.S. Forest Service (2011) 

and the middle figure and table are adaptations of their images. 
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Figure 2.  Ipsdienol accumulation in the midgut of male I. pini following feeding (left) or 

JHIII treatment (right) (Tillman et al. 2004). 
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Figure 3.   Biosynthetic pathway for the Ips species acyclic monoterpenoid pheromone 

biosynthesis (ipsdienol). 
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Figure 4. Types of post-translation modifications of proteins (Cossart et al. 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

 

Table 1.   The number of identified post-translational modified proteins, peptides, and 

sites (Gnad et al. 2011).      
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Figure 5.  DIGE schematic which allows 3 protein samples to be labeled with a different 

fluorescent CyDye and imaged at different wavelengths with all of the samples on the 

same gel (GE Healthcare).  
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Chapter 2 

 

Proteomic studies of pheromone production in the bark beetle, Ips pini 

 

I.  Abstract 

II. Introduction 

III. Materials and Methods 

IV. Results 

V. Discussion 

VI. References 

VII. Figures 

 

I.  Abstract 

 Bark beetles are the most destructive pests of coniferous forests in North 

America.  They have had devastating economic and environmental impacts in both the 

United States and Canada in the last decade.  In pine engraver beetles, Ips pini, males are 

the pioneer sex that finds host trees and release an aggregation pheromone that signals 

other beetles to initiate a mass attack and colonize a tree. The aggregation pheromones 

are produced de novo in midgut tissue.  Feeding and juvenile hormone III (JHIII) 

treatment both stimulate pheromone production.  Western I. pini use an approximate 97% 

(-) and 3% (+) ipsdienol enantiomeric blend as an aggregation pheromone.  Studies on 

the genes involved in the pheromone biosynthetic pathway, using ESTs, microarrays, and 

qRT-PCR experiments, showed that mevalonate pathway and downstream genes were 

upregulated.  This led to the discovery of key genes in the pheromone biosynthetic 

pathway which were expressed and assayed. The increased awareness of the lack of a 
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linear relationship between transcript and protein expression levels in other systems 

directed research toward proteomic studies. The study presented herein utilized 2D-

DIGE, ProQ Diamond phosphoprotein stain to examine the expression of proteins and 

phosphorylated proteins involved in the pheromone production. The results showed that 

the many fold increase in transcript levels was not mirrored by a similar increase in 

protein production. Whereas transcript levels of most pheromone biosynthetic genes were 

increased 4 to 20 fold with JHIII treatment, none of the proteins examined were increased 

more than two fold. Several key proteins appear to be phosphorylated when male beetles 

were treated with JHIII. 

II. Introduction 

The most destructive pests of coniferous forests in the Northern hemisphere are 

bark beetles. They kill the tree not only by creating galleries that disrupt the phloem, but 

they also introduce a beetle-associated fungus which grows into the xylem ultimately 

reducing both nutrient resources and water transport in the tree (Phillips and Croteau 

1999, Trapp and Croteau 2001, Franceschi et al. 2005). 

 Early work on bark beetle pheromones indicated that pheromone components 

were formed by the beetle from host tree derived monoterpenes (Hendry et al. 1980, 

Hughes 1973, Hughes 1974, Vanderwel 1994).  However, work beginning in the 1990s 

demonstrated that most pheromone components are synthesized de novo (Seybold et al. 

1995, Blomquist et al. 2010).  Hall et al (2002b) showed that male I. pini produce 

aggregation pheromones in the anterior midgut, which led to the hypothesis that the 

enzymes involved in the production of the pheromones evolved from the midgut 

detoxification enzymes (Hall et al. 2002a, Hall et al. 2002b). This and work in 
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Dendroctonus spp. (Hall et al., 2002b) led to the conclusion that all bark beetle 

aggregation pheromones were produced in midgut tissue. This fact was negated once it 

was shown that Dendroctonus ponderosae produces exo-brevicomin in the fat body 

(Song dissertation 2012). For many Ips species, ipsdienol and ipsenol are the main 

pheromone component, though different ratios and enantiomeric blends are produced 

depending on the species.  For example, Western I. pini produce ipsdienol with a 97% (-) 

and 3% (+) enatiomeric composition while I. confusus produce ipsdienol with 3% (-) and 

97% (+) enantiomeric composition in an approximate 1:10 ratio with (-) ipsenol (Seybold 

et al. 1995). 

Initial studies of I. pini found ipsdienol production was increased by feeding 

(Tillman et al. 1998, Seybold et al. 2000, Tillman et al. 2004).  Further work showed that 

ipsdienol production is regulated in part by mevalonate enzymes (Figure 1) and at several 

steps after the mevalonate pathway (Blomquist et al. 2010).  The key factor influencing 

the mevalonate pathway enzymes and ipsdienol production in I. pini is juvenile hormone 

III (JH III) (Tillman et al. 1998, Hall et al. 2002a, Tittiger et al. 2003).  When fed, 

digestive enzymes are also highly expressed.  Therefore, to study the enzymes involved 

in pheromone production, JHIII is frequently used to stimulate the pathway without the 

complication of the increased expression of proteins involved in digestion. 

 Ips pini has been deemed a “model organism” for bark beetle pheromone 

production and has been extensively studied.  Its pheromone biosynthetic pathway and 

the enzymes involved, including the final steps, have been elucidated (Figure 2) 

(Figueroa-Teran et al. 2012).  Geranyl diphosphate synthase/myrcene synthase 

(GPPS/MS), CYP9T2, and ipsdienol dehydrogenase (IDOL DH) were expressed and 
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assayed in detail to gain further knowledge of the pathways and regulation of  pheromone 

biosynthesis (Gilg et al. 2005, Sandstrom et al. 2006, Figueroa-Teran et al. 2012). The 

background for the discovery of these important enzymes can be credited to Eigenheer et 

al (2003) and Keeling et al. (2004; 2006) who created an EST database, examined 

microarray data for candidate pheromone pathway genes, and confirmed the microarray 

data with qRT-PCR (Keeling et al. 2006).  

 One limitation of using mRNA expression levels to predict protein expression is 

that mRNA levels and protein levels do not directly correlate and therefore are not 

necessarily indicative of protein expression. In addition, there are many post-translational 

modes of regulation of protein activity (i.e. phosphorylation, nitrosylation, glycosylation, 

etc.).  As a result, it is important to examine protein levels by using a proteomics 

approach.  In this report, 2 dimensional differential in-gel electrophoresis (2D-DIGE) was 

coupled with mass spectrometry to find proteins that were differentially expressed when 

comparing males treated with JHIII to control males.  The data from 2D-DIGE and 

Western blots suggest that other modes of enzyme control are present.  For GPPS/MS 

and possibly other enzymes important in the pheromone biosynthetic pathway, 

phosphorylation may play an important role in enzyme activity.  This study also utilized 

ProQ Diamond stain to examine phosphorylated proteins in conjunction with 2D gel 

electrophoresis and mass spectrometry to examine the difference in the expression of 

protein phosphorylation between JHIII treated males and control males.   

III. Materials and methods 

III.A. Beetle collection and propagation  
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Bolts of I. pini infested logs were obtained from infested Pinus jeffreyi from Little 

Valley (39
o 
16’N, 119

o
 52’W) Nevada, USA and were placed in a greenhouse until the 

adult beetles emerged (Browne 1972).  After emergence, approximately 100 beetles were 

used to infest freshly cut uncompromised bolts while maintained in a large trash can 

covered with a cheesecloth until  a large number of bark beetles had bored into the logs, 

as observed by copious amounts of boring dust.  These newly infested bolts were then 

kept in a rearing box in a greenhouse until the adult beetles emerged. 

After emergence, beetles were kept at 4
o
C on damp paper towels until use.  They 

were separated by sex within one week of emergence and then treated as described 

below. There were three groups with 40 I. pini in each group. Two were control groups, 

one consisted of males and one females; each group was treated with 1µL of acetone 

topically applied to the anterior thoracic region using a Hamilton syringe.  The 

experimental treatment group consisted of males treated with 10µg of JHIII (Sigma-

Aldrich, St. Louis, MO, USA) in 1µL acetone with the treatment administered as in the 

control groups.  No more than 10 beetles/cup were kept in 60mL small plastic Dixie cup 

for 24-26 hours at room temperature in the dark prior to dissection. The beetles were 

dissected in water and their midguts were stored at -80
o
C until use. 

There were three biological replicates for each treatment and control group. Each 

round of treatments was broken up such that each of the groups had approximately the 

same number of midguts in every round.  For example, the first round of male controls 

had 20 midguts in tube 1, 18 in tube 2, and 20 in tube 3.  Round two had 8, 11, and 8, 

respectively.  Round three had 12, 11, and 11.   

III.B. Sample preparation for 2D-DIGE 
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III.B.1. Protein extraction 

The midguts were thawed and centrifuged at 4
o
C and 9,500 x g for 10 minutes. 

The water layer was removed, kept on ice, and later used in the acetone precipitation step.  

The midguts were homogenized in 500µL of 10mM Tris containing 2.5µL of Sigma 

P1860 protease inhibitors (Sigma Aldrich).  The samples were centrifuged at 100,000 x g 

for 1 hour at 4
o
C. 

III.B.2. Acetone precipitation 

The supernatant from each 100,000 x g centrifugation was combined with the 

water layer that had come from the same sample. Four volumes of -20
o
C acetone was 

added to each supernatant-water mixture and were stored at -20°C overnight.  

III.B.3. Pellet resuspension and solubilization 

The pellets were resuspended in 200µL of DIGE Reaction Buffer (7M Urea, 2M 

Thiourea, 4% CHAPS, 30mM Tris, pH 8.7), vortexed, and allowed to sit for 2 hours at 

room temperature.  They were centrifuged for 1 hour at 23
o
C and 100,000 x g, then the 

supernatants were removed and stored at -20
o
C overnight.  

III.B.4.  Protein samples (soluble and membrane extract combined) 

The acetone precipitate was redissolved in acetone then centrifuged at 0
o
C and 

16.000 x g for 10 minutes, then the supernatants were discarded.  The pellets were 

washed 3 times with 1mL of -20
o
C 4:1 acetone/water solution, and then centrifuged at 

16,000 x g at 0
o
C for 10 minutes.  The pellets were dried using a Speedvac (Savant, 

Thermo Fisher Scientific, Inc.) for 15 minutes. 

The solubilized pellet fraction from each sample was used to resuspend the 

acetone precipitated pellets; the mixture was then vortexed well.  The samples from each 
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group were centrifuged at 16,000 x g and 22
o
C for 10 minutes prior to protein 

quantification with the EZQ ™ protein quantification assay (Molecular Probes, 

Invitrogen) using the standard protocol with an ovalbulmin standard (Bio-Rad 

Laboratories, Hercules, Ca).  The samples were stored at -20
o
C for 5 days. 

III.B.5.  Sample preparation for Western blots, ProQ Diamond®, and respective 

Sypro® stains  

Preparation of all samples was the same as described for the 2D-DIGE sample 

preparation except for the rehydration solutions used for solubilization of pellets and 

acetone precipitates.  The solution used to resuspend the pellets was ReadyPrep Reagent 

3 (Biorad Laboratories, Inc.) which consisted of 5M urea, 2M thiourea, 2% CHAPS, 2% 

SB3-10, 0.2% Carrier ampholytes, 40mM Tris 1.2% DeStreak reagent and 0.001 % 

Bromophenol Blue and was added to the mixture.  Acetone precipitates were dissolved in 

Destreak Rehydration Solution (GE Healthcare) with 0.2% pH 3-10 carrier ampholytes. 

III.B.6.  Preparation for isoelectric focusing  

2D-DIGE - CyDye® sample labeling  

The sample concentrations were adjusted to 1.55µg/µL in 50µL with DIGE 

Reaction Buffer.  The samples consisted of 3 biological replicates of each group, i.e., the 

control females, the control males, and the treated males.  The CyDyes™ in the amount 

of 20pm (either Cy3, Cy5, or Cy2) were added to 42µL (65µg protein) of a sample as 

shown in the table below. Cy3 was used to label treated males (gel 1), female control (gel 

2), and male control (gel 3).  Cy5 labeled male control (gel 1), treated male (gel 2), and 

female control (gel 3).  While Cy2 labeled female control (gel 1), male control (gel 2), 

and treated male (gel 3).  
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After adding the dye to the appropriate sample, the tubes were vortexed, placed 

on ice, spun briefly, then placed back on ice.  The covered ice bucket was stored in the 

dark for 30 minutes.  The reaction was quenched by adding 2µL of 10mM lysine to each 

sample.  The tubes were vortexed and placed back on ice in the dark for 10 minutes. 

Strip rehydration for 2D-DIGE 

The 250µL rehydration solution for each strip consisted of 50µg Cy3-labeled 

sample, 50µg Cy5-labeled sample, 50µg Cy2-labeled samples, 178.6pmoles of each 

CyDye, 7M Urea, 2M Thiourea, 4% CHAPS, 15mM Tris HCl, 0.001% Bromophenol 

Blue, 0.5% 3-10 ampholytes, and 1.2 % DeStreak (GE Healthcare). The mixture was 

centrifuged at 16,000 x g, 22
o
C, for 10 minutes. 200µL was added to the 11 cm NL 3-10 

IPG strip (Bio-Rad Laboratories, Inc.) and an hour later, mineral oil was added to keep it 

from drying.  The strip rehydrated at room temperature overnight. 

Strip rehydration for the Western blots and ProQ Diamond® experiments 

Just as in the 2D-DIGE experiment, the sample concentrations were adjusted to 

1.55µg/µL in 50µL, but the diluent used was either Ready Prep reagent 3 or DeStreak 

Rehydration Solution 0.0001% Bromophenol Blue, and 1.2% DeStreak.  There was no 

need to label the sample with CyDyes® as was done in the 2D-DIGE experiment.  The 

sample mixture was centrifuged at 16,000 x g, 22
o
C for 10minutes, then 200µL was 

added to the linear pH 3-10 IPG strips for the Western blot experiments and the non 

linear pH 3-10 IPG strips for the ProQ® Diamond experiments (BioRad Laboratories, 

Inc.). An hour later, mineral oil was added to prevent drying out and the strips were 

rehydrated at room temperature overnight. 

III.C. Isoelectric focusing 
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Excess mineral oil was removed and the strips were loaded into the isoelectric 

focusing tray with the gel side up and wicks placed where the electrodes make contact in 

the i12 Protean apparatus (Bio-Rad Laboratories, Inc.).  Isoelectric focusing was run 

using the following program: linear rise to 200 V over 20 min, linear rise to 8000 V over 

2 hr 30 min, and rapid rise to 8000 V until a total of 26,000 Vhr were accumulated. For 

each strip, voltage was held at 750V until the slowest strip reached the final step. The 

maximum µA/strip was set at 50 and voltage rise was dependent on keeping the µAmps 

below that threshold.  The strips were stored at -80
o
C overnight. 

III.D.1. 2D gels 

The strips were thawed and proteins reduced in Equilibration Base Buffer (EBB), 

50mM Tris-HCL, pH 8.8, 6M urea, 2% (w/v) SDS, 20% Glycerol) containing 20mg/mL 

DTT for 12 minutes followed by alkylation of the proteins using EBB containing 

25mg/mL iodoacetamide for 12 minutes.  Each strip was drained and any precipitate 

removed with wet filter paper.  The strips were loaded on 11cm Criterion™ TGX 8-16% 

precast gels (Bio-Rad Laboratories, Inc.).  They were run using the standard Criterion™ 

Dodeca apparatus (Bio-Rad Laboratories, Inc.) with TGS buffer (25mM Tris-base, 0.5M 

glycine, 0.1% w/v SDS) at 200V until the Bromophenol blue reached the 

bottom(approximately 45 minutes).   

III.D.2. Western blots 

After the gel ran, it was transferred to a nitrocellulose membrane using a Criterion 

blotter (Bio-Rad) at 100V for 1 hour. The membrane was then stained using Sypro™ 

Ruby blot stain, according to company specifications, and visualized with the ChemiDoc 

MP imager.  



37 
 

III.E. 2D DIGE visualization and analysis 

III.E.1. 2D DIGE imaging 

The Typhoon Trio™ imager (GE Healthcare, Inc.) was used to scan all gels at 

100µm resolution.  The parameters were manipulated such that the maximum pixel 

intensity was between 60,000-100,000 for all of the images of the gels. After scanning 

the gels, they were fixed for a week in fixing solution (10%v/v methanol with 7.5% v/v 

acetic acid in distilled water). 

III.E.2. 2D DIGE data analysis 

The DeCyder analysis software version 7.0(GE Healthcare) was used to quantify 

the differential protein abundance.  The optimal spot detection settings were determined 

by using the DIA module (Differential In-gel Analysis).  The BVA (Biological Variation 

Analysis) module was used to group the samples with the control males set as the 

standard sample on all of the gels. Gel 2 was set as the template due to the fact that it had 

the most spots and lacked vertical stripes that Gel 3 had. 

Initial DeCyder analysis was done by comparing the treated male volume with the 

control males in each matched spot.  The spots from each of the three gels were matched 

automatically by DeCyder, but further visual analysis of the spot location and topography 

of individual spots was done to ensure the spots were matched correctly and landmarked 

in each gel.  From those spots, DeCyder calculated ANOVA and t-test values for the 

difference between the control males and the treated males.  As a precaution, the 

statistical significance was recalculated using the volume ratios in Minitab® (Minitab, 

Inc., PA, USA). 
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All of the gels were stained with SYPRO Ruby® (Sigma-Aldrich, USA) and 

visualized so the spots cuts were based on the SYPRO image after matching the spots 

from the SYPRO image of each of the 3 gels to the CyDye™ images. Nine statistically 

significant spots were chosen, then the coordinate information was extracted from 

DeCyder 7.0 to ProPicII® (Digi Lab, Inc., USA) and the spots were extracted using 

ProPicII®.  

III.E.3. Trypsin digest and mass spectrometry of DIGE spots 

The Nevada Proteomics Center did a trypsin digest of each of the spots and 

separated the proteins using a Michrom Paradigm Multi-Dimensional Liquid 

Chromatography (MLDC) instrument with a Michrom Magic C18AQ 3µ 200Å (0.2 x 

50mm) and an Agilent ZORBAX 300SB-C18 5µ (5 x 0.3mm) trap.  The samples were 

then run on a Thermo Finnigan LTQ-Orbitrap and analyzed using Xcaliber v 2.0.7 

(Thermo Scientific, USA).    The samples were scanned at an m/z of 300-1800 with 

resolution of 60,000. A higher resolution allowed for greater separation of proteins with 

similar m/z ratios with the m/z range of 300-1800 being the range in which most proteins 

are found. The MS/MS of the most intense ion from collision induced dissociation (CID) 

activation was used and a minimum signal of 2,000, isolation width of 3.0 and 

normalized collision energy of 35.0. The minimum signal and peak width relate to peak 

separation.  The minimum signal being the lowest valley and the peak width relates to the 

peak width at a specific percent of the peak height.  Normalized collision energy refers to 

the energy used to achieve fragmentation, with 35% being optimal for a wide range of 

masses (Thermo Fisher Scientific).  A normalized collision energy that’s too high would 

cause fragments to be ejected from the trap and too low would result in inefficient 
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fragmentation.  Using the top 2-5 scans of each spot, some peaks were excluded in order 

to isolate peaks and clean up the data.  Peaks were excluded after they were seen 2 times 

and they were excluded for 10 seconds. There were 500 peaks excluded for a total 

duration of 30 seconds.    

III.E.4. Data analysis 

Xcaliber v 2.0.7 was used to examine the quality of the fragments discovered 

from mass spectrometry.  The resulting fragments were compared with the sequences in 

the EST library constructed by Eigenheer et al. (2003). 

III. F.  Western blot antibodies and imaging 

III.F.1. Geranyl diphosphate synthase/myrcene synthase (GPPS/MS) antibody  

 

production 

 

The primary antibody was generated against a peptide constructed by Kathy 

Schegg containing a C-terminal cysteine using the sequence provided by Anna Gilg.  The 

peptide was KEDNKNSEAVREV-C (mimicking amino acid 354 to 366 with the addition 

of a C-terminal cysteine). This region was selected by Anna Gilg based on an exposed 

region as determined by a molecular model, and included a non-catalytic portion of 

geranyl diphosphate synthase/myrcene synthase (GPPS/MS). The antibody was produced 

by sending the peptide to Calico Biologicals, Inc™, PA, USA for injection into rabbits. 

Two rabbits were used (UV58 and UV59) and the production bleeds were purified using 

a SulfoLink™ (Thermo Scientific, USA) kit according to company specifications.  The 

specific protocol used to immobilize the peptide involved dissolving 3mg of the peptide 

in 3mL of the SulfoLink™ coupling buffer and applying 2mL of the solution to the 

column.  In addition, rather than rocking for 15 minutes, the column was rocked for 45 
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minutes prior to draining. The remaining experimental protocol followed the company 

directions.   

The coupling efficiency was determined by comparing the protein/peptide 

concentrations of the unbound fraction to the initial diluted peptide.  The concentrations 

were found by using a BCA assay (Pierce, Thermo Scientific, USA).    Protein 

concentrations of each fraction (0.5 mL) from the SulfoLink™ Column were monitored 

using a BCA assay, as before. The fractions which contained the greatest amount of 

protein were combined (1mL total volume) and dialyzed at 4
o
C in 1L phosphate buffer 

saline (PBS) solution, pH 7.4, on a stir plate with 3 changes of buffer.  The antibody was 

stored at 4
o
C until use.  

III.F.2. Imaging  

After staining with Sypro ruby blot stain and imaging, the nitrocellulose blot was 

incubated with a 1:50 dilution of anti-GPPS diluted in Odyssey Blocking Buffer plus 

0.15% Tween®-20 and incubated overnight at 4
o
C.  The membrane was washed 5 times 

for 5 minutes in PBS plus 0.10% Tween-20 with gentle shaking at room temperature.  

The IRDye 680™ goat anti-rabbit labeled secondary antibody (Odyssey, LI-COR) was 

diluted 1:15,000 in Odyssey Blocking Buffer plus 0.15% Tween-20 and protected from 

light for one hour with gentle shaking at room temperature.  The blot was protected by 

light and washed 5 times for 5 minutes in PBS plus 0.10% Tween-20 with a final rinse 

with PBS.  The gels were imaged using ChemiDoc™ MP system (Bio-Rad Laboratories, 

Inc. USA) using the settings for the IRDye680™.   

III.G.1. Sypro Ruby® and Pro-Q® Diamond Phosphoprotein gel stain (Molecular  

 

Probes®, Invitrogen) imaging and analysis 
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Staining of the gels with Sypro Ruby® and Pro-Q® Diamond was done according 

to standard company protocol for Tris-glycine gels, including the staining of the ProQ 

Diamond prior to staining with the Sypro Ruby stain. The gels were imaged using 

ChemiDoc™ MP system (Bio-Rad Laboratories, Inc., USA) using the preprogrammed 

Image Lab™ settings for Sypro® and Pro-Q® stains. 

The spots on each of the Pro-Q® Diamond gels were matched using PD Quest 

software and statistical analysis was done using the studentsttest.com statistical 

calculator.  The t-test was one tailed with unequal variance. The Pro-Q® Diamond 

stained gels were then matched to the Sypro® stain of the same gel.  Six spots were 

found to have a statistically significant difference between the treatment and non 

treatment groups and were excised from two gels using the EXQuest spot cutter (Bio-Rad 

Laboratories).   

III.G.2. Post-translational modification predictors 

Two post translational modification programs were used to examine putative sites 

for post-translational modifications of both IDOL DH and GPPS/MS.  The two different 

programs used included  PHOSIDA (Gnad et al. 2010), and NetPhos2.0 (Blom et al. 

1999) with the default parameters. 

IV. Results 

 The 2D-DIGE experiment resulted in several interesting findings.  The black and 

white 2D gel images of the control and treated groups  (figure 3, top and bottom, 

respectively) show the statistically significant increases (red ovals) of  proteins more 

highly expressed in the male bark beetle midguts that had the pheromone biosynthetic 
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pathway stimulated with JHIII compared with the  acetone treated control male  group.  

The image overlay (figure 3, bottom) distinguishes several spots with a higher expression 

in the treated groups (blue) than the control groups (red).  The white spots are indicative 

of proteins that were equally expressed in all groups. 

 To determine which spots to cut and analyze, a DeCyder (GE Healthcare) t-test 

and a t-test using Minitab (Minitab Inc. 2010) were done to find the spots with a 

significantly higher abundance ratio in the treatment versus control group.  A total of 9 

spots were cut, but 5 spots were omitted from the results due to poor mass spectrometry 

results and questionable statistical significance.  A one tailed t-test using Minitab was 

done to determine the significance of the abundance ratios comparing the treated versus 

control groups.  The abundance ratios were the treated/control males, therefore a ratio (µ) 

of 1 would mean the samples contained an equal amount of protein in both groups.  If the 

average ratio (µ) is greater than 1, then the amount of protein in the treatment group is 

greater than the protein in the control group. The one tailed t-test was done with µ > 1 

and the resulting p-values were as follows: 0.042, 0.042, 0.044, and 0.038 for spots 633, 

637, 638, and 1439, respectively.  The top of figure 4 shows the Sypro image from which 

the spots were cut with the spot numbers highlighted in red with arrows.  The bottom of 

figure 4 shows a graph of the abundance ratios of the spots comparing the treated/control 

groups.  The increase in the abundance ratio was 1.87 +/- 0.47, 1.77 +/- 0.399, 1.37 +/- 

0.20, and 1.82 +/- 0.42 for spots 633, 637, 638, and 1439, respectively. 

 IPG-Contig-0205-1_2, geranyl diphosphate/myrcene synthase, was seen in three 

spots 633, 637, and 638 (Table 1).  Due to the location of each of these spots being 

different only on the horizontal plane (Figure 4 top), the modifications to the protein 
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affect the protein’s PI.  There is a high probability that these spots signify post-

translational modifications to GPPS/MS, with the most likely modification being 

phosphorylation.  There was not enough protein in the sample to look at phosphorylation 

using mass spectrometry.  This protein has been studied previously as it catalyzes two 

key steps in pheromone production in I. pini (Gilg et al. 2005, Gilg et al. 2009). The 

effect of phosphorylation on enzyme activity has not yet been determined.  The fact that 

prediction software found numerous possible phosphorylation sites for this enzyme also 

hints at a possibility that phosphorylation is a method of activation and/or inactivation of 

this enzyme.   

Gilg et al. (2005) previously worked with a functionally active truncated 

GPPS/MS enzyme, in vitro.  Their results suggested that the truncated form was the 

active form, but it is unknown the actual size or active form of the GPPS/MS protein in 

vivo.  The MS results from this experiment, however, begin the GPPS/MS sequence at an 

amino acid closer to the N-terminus of the protein.  This suggests that either GPPS is not 

truncated in vivo, or that it is truncated at an amino acid closer to the N-terminus than was 

used in the previous in vitro experiments.  The site of truncation used in Gilg et al. (2005) 

began at the proline in bold, while the fragment found by the MS began at the bold 

enlarge R and was (R)SSAVPSSLSK(S) (figure 5).  It should be noted that the site of 

truncation at the proline does not correlate with any enzyme cleavage sites, as predicted 

by the PeptideCutter cleavade predictor program, while the arginine is a site of truncation 

for tryspin, Arg-C proteinase, and clostripain.  

 The previous work using microarray experiments focused mostly on mevalonate 

pathway enzymes in midgut tissue. The discovery that spot 1439 is in the odorant binding 
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protein (OBP) family was somewhat surprising. Odorant binding proteins are most often 

found and associated with the antenna and head, and not in the midgut.  OBPs have been 

seen in other regions of insects, but have not been extensively investigated in those 

regions.  The site of pheromone biosynthesis in I. pini is the anterior midgut, and 

ipsdienol must be released through midgut cells into the frass in order to be excreted and 

attract other bark beetles. To date, no transporter has been reported. OBPs have the 

potential to bind myrcene and ipsdienol which means this protein could be of interest in 

the future studies on pheromone or myrcene transport within the bark beetle. 

 In order to further examine post translational modifications, specifically 

phorphorylation, in relation to pheromone production, additional 2D gels were used to 

examine phosphorylated protein expression profiles.  These 2D gels were stained with a 

protein stain (Sypro Ruby) and a phosphoprotein stain (ProQ Diamond) (figure 6).  The 

ProQ Diamond stained gels were used to compare the phosphoprotein levels of the JHIII 

treated and control groups. It is interesting to note that the 2D gel with the ProQ Diamond 

stain show a higher amount of protein located at the lower molecular weight range and 

with a lower PI.  The lower molecular weight could be indicative of truncation and/or 

proteolysis of the phosphorylated proteins. Phosphorylation lowers the PI, but the extent 

of its impact varies from protein to protein and depends on the number of 

phosphorylation sites (Zhu et al. 2005).  

 After examining spot intensity and statistical significance, 6 spots were found to 

be of interest to further examine using mass spectrometry.  Because various levels of 

phosphorylation can affect the activity of each enzyme differently, the proteins of interest 

were not limited to examining those that were either less or more highly expressed.  The 
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spots cut/proteins investigated were solely based on statistically significant difference in 

expression regardless of which group contained a greater amount of protein, when 

comparing JHIII treated and control males. Figure 7 (top) shows the 6 spots picked for 

trypsin digest and mass spectrometry analysis while the graph (middle) shows the spot 

intensity of the treated (red) and the control (blue).  Figure 7 (bottom) shows the fold 

difference of protein expression of the treated as compared with the control group.  The 

four spots 203, 2703, 2710, and 3319, had a higher expression in the control than the 

treated group by 2.02, 3.26, 2.87, 3.63 fold, respectively.  Two spots, 111 and 2318, had 

higher expression in the treated group as compared with the control group, by 4.71 and 

3.51 fold, respectively.   

 Some of the most interesting results from the LC-MS analysis are proteins known 

to be involved in the mevalonate pathway and the pheromone biosynthetic pathway.  

Unfortunately, after phosphostaining the 2D gels, it was obvious that the lower, left hand 

portion of the gel (low PI and low molecular weight proteins) contained many proteins 

(Figure 6 left).  Non-linear isoelectric focusing strips work by separating the proteins 

with PIs ranging from 5-8 better than the standard linear strips.  In order to get greater 

separation in the middle of the strip, the proteins with either higher or lower PIs tend to 

be less well separated.  For the purposes of the 2D-DIGE experiments, the non-linear 

strips worked quite well.  Unfortunately, for the 2D gels that were stained with ProQ 

Diamond, there appeared to be many phosphorylated proteins on the left side of the gel.  

This creates a complicated situation because as can be seen in figure 6, the ProQ 

Diamond-stained gels seem to have many proteins with lower PIs.  Due to this clustering 

of proteins toward the left side of the gel, there is more than one protein present in most 
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spots (Table 2).  One result that seems to indicate that these results have validity is that 

some of these proteins, i.e. IDOL DH (spot 3319), acetyl-CoA transferase (spot 2318), 

and an HMG-S (spots 111 and 2318) are proteins one would expect to observe in midgut 

tissue (Figure 7). All of these enzymes are known play a role in pheromone biosynthesis. 

Another protein, not previously known to be involved in pheromone biosynthesis, 

CYP6BW1, was found in spot 2318.  The problem with these results is that while spot 

2318 contained two proteins previously known to be involved in pheromone biosynthesis, 

3 proteins were found in the same spot.  That creates a problem with knowing which 

protein, or if all of these phosphorylated proteins, contributed to the 3.51 fold increase in 

protein expression in this spot. In addition, several interesting proteins were found in spot 

111, including a translation initiation factor and a translationally-controlled tumor-like 

protein (Figure 7).  The difficulty in interpreting these results is that it is unknown how 

much each protein in the multiprotein spots contributed to the change of phosphoprotein 

expression.  It could be a cumulative result, or it could be that only one protein was 

extremely highly expressed.  The results of this experiment suggest that the 

phosphorylation state of proteins involved in pheromone biosynthesis is worth further 

investigation.  For better results, with greater statistical significance, the 2D gel ProQ 

Diamond stain experiment should be repeated with modifications to the protocol. Some 

of the modifications should include using either linear IPG strips, or strips with a range 

looking for proteins with a lower PI.  In addition, using 10 gels, including 5 treated and 5 

control gels (instead of 6, including 3 treated 3 control) would contribute to better 

statistical analyses.   A greater number of replicates would be beneficial because there is 

variation between gels and constructing a well matched spot map with all of the gels is 
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always challenging. More replicates would allow for discarding a replicate that is quite 

different and could possibly result in more statistically significant spots. Because 

phosphorylation causes a shift of a protein to a lower PI, using an IPG strip with a lower 

PI range should give much better results with greater separation.  In addition, with the 

high gel to gel variation due to differences in gels, IPG strips, and difference in how the 

isoelectric focusing ran, it is difficult to find very many spots that are statistically 

significant and found on all gels.  Three gels per treatment group seemed like they were 

not enough because it proved a difficult task trying to create a spot map in which the 

spots are found at the same spot in all of the gels.  Using 5 gels per group would allow for 

the using the 3 most similar gels significant spots/proteins to be studied, in addition.  The 

more similar the gels are, the greater the chance of finding more spots with a statistically 

significant difference in protein expression. 

 Following the discovery that GPPS/MS was present in 3 spots using 2D-DIGE, it 

was decided to use a 2D Western Blot with an antibody made to bind to a particular 

peptide sequence in GPPS/MS.  The results of these Western Blots showed 3 spots on the 

horizontal plane, as seen in Figure 8.  Those 3 spots, like the 3 spots seen with 2D-DIGE, 

vary only on the horizontal axis and likely represent different levels of phosphorylation.  

Qualitatively, the left and middle spots (1 and 2) appear darker in the JHIII treated group, 

as compared with the control, acetone treated group. This suggests a possibility that 

GPPS/MS requires phosphorylation at additional sites in order to stimulate the 

pheromone biosynthetic pathway and enhance pheromone production.     

 Software examining the potential post translational modifications is simply a 

statistical probability that these modifications will occur.  All software will have a 
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slightly different algorithm. Thus, rather than focus on the results of just one program, it 

is best to examine and compare the results between two programs.  Using the post-

translational modification prediction software, PHOSIDA and NetPhos, the sequences for 

GPPS/MS and IDOL DH were evaluated.  The results of the GPPS/MS PHOSIDA search 

predicted there to be 3 acetylation sites (K70, K11, and K251), 3 SUMO sites (K93, 

K129, and K388), and 24 sites for potential phosphorylation, but only 18 of those 

possible sites of phosphorylation were found using NetPhos2.0, S11, S14, S45, S47, S48, 

S53, S55, S57, Y59, Y76, Y89, T165, S206, Y207, Y249, S318, S338, and S383.   For 

IDOL DH, PHOSIDA predicted that there should to be two acetylation motifs (K74, and 

K77), no SUMO motifs, and 17 phosphorylation sites.  Only 9 predicted phosphorylation 

sites were found using NetPhos2.0, which included Y10, T35, S38, S53, S60, S62, Y105, 

S154, and T197.    Based on these data, it is clear that there is the potential for control of 

protein activity and/or translation with post-translational modifications such as 

phosphorylation.    

V. Discussion 

 This study resulted in the discovery that high mRNA expression did not correlate 

with equally high protein expression of the proteins found in the pheromone producing 

midgut tissue in male I.pini.  While various groups have had similar results with a lack of 

correlation between mRNA and protein levels, it is currently unknown why there is such 

a disparity between protein and transcript abundance (Anderson and Seilhamer 1997, 

Glanemann et al. 2003, Gmuender et al. 2001, Greenbaum et al. 2003, Gygi et al. 1999, 

LeRoch et al. 2004, Paton et al. 1993, Vervenne et al. 1994, Vogel and Marcotte 2012, 

Yoshida et al. 2001,). 
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Theories have been put forth to suggest why a difference between protein and 

mRNA abundance exists.  One suggestion is that the protein abundance depends on the 

protein’s role.  If it is a housekeeping protein, then there is less need for fluctuation of 

protein levels, while proteins involved in stimulatory pathways may require rapid 

production and degradation (Vogel and Marcotte 2012).  Another theory from 

Greenbaum et al. (2003) suggests that the higher levels of ribosomal occupancy leads to a 

higher correlation between mRNA and protein levels, when compared with protein levels 

of those with lower rates of ribosomal occupancy (Greenbaum et al. 2003). A factor 

proposed by LeRoch et al. (2004) is that a lag time exists between the detection of 

mRNA and the translation of its respective protein (LeRoch et al. 2004).  Ultimately, the 

reason behind the lack of a linear relationship between transcript and protein abundance 

has yet to be elucidated.  It is unclear as to why energy would be expended to synthesize 

a great amount of mRNA that is essentially wasted if no protein is produced. 

 The groundbreaking studies on pheromone biosynthesis in bark beetles were 

based primarily on transcript abundance which led to the identification, expression and 

assay of key enzymes.  This is the first analysis of the proteins involved in the pheromone 

biosynthetic pathway of I. pini using proteomic techniques.  One of the results of this 

study identified a new protein that may be involved in pheromone production.  The OBP 

may be involved in pheromone transport in midgut cells, perhaps transporting the protein 

from the site of synthesis to a site where it could cross into the lumen of the midgut the 

released into the frass.  Considering the hydrophobic nature of ipsdienol, it is likely that a 

transport protein may be involved. Until now, no candidates have been suggested.   



50 
 

 Some of the proteins in the pheromone biosynthetic pathway appear to undergo 

post-translational modification. This study focused on the phosphorylated proteins using 

a 2D gel and a phosphoprotein stain, which showed a large amount of phosphorylated 

proteins in the lower left corners of the gels (Figure 7), the same location that a protein 

stain (SyproRuby) showed little protein.  This suggests that the proteins that were located 

in that region may not have been abundant, but they were highly phosphorylated.  Some 

of the spots contained more than one protein, which complicates the results. The problem 

is that it is not known which protein or if all of the proteins contributed to the 

phosphorylated protein seen in the gels (Figure 7).  Even with the convoluted results, the 

gels still showed a large difference between treated and control groups and should be 

redone with optimized conditions to get more conclusive results. 

In order to increase the understanding about the mechanisms of control of the 

proteins in the pheromone biosynthetic pathway, more extensive post-translational 

modification studies must be done.  This investigation showed that not only is the 

phosphorylated protein profile different in treated compared with control groups, but also 

that the transcript abundance is not a reflection of protein abundance.  Control of protein 

translation of the pheromone biosynthetic proteins is another area yet to be further 

investigated.   Future research must extend to areas that have been less studied like 

protein abundance, post-translational modifications, and possible mechanisms of 

translational control like microRNAs.   In conclusion, the mechanisms of control of the 

proteins involved in the pheromone biosynthetic pathway go beyond transcript 

abundance; therefore future research should be directed towards understanding all facets 

of control of this very important pathway.   
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VII. Figures 

 

 
 

Figure 1.  Mevalonate pathway as it leads to the production of the pheromone ipsdienol 

(Blomquist et al. 2010). 

 



59 
 

 
 

Figure 2.   Steps and enzymes known to be involved in the pheromone biosynthetic 

pathway in I. pini (from Figueroa-Teran et al. 2012). 
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Figure 3.  DIGE images of the control and the JHIII treated (top and middle, respectively) 

with the ovals highlighting areas of statistically significant increase of certain proteins in 

the treated group, as compared with the control.  The bottom image is of the overlay of 

the treated (blue) and control groups (red).  

 

 

 

 

Control  

Treated  

 

 

 

 



61 
 

 

 

 
Figure 4.  Sypro gel of the spots cut from 2D-DIGE gel (above) and the mean relative 

abundance of the treated (T) as compared with the control (C) males with the p-value < 

0.05 (below) +/- standard deviation with n=3. 

 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

633 637 638 1439

A
v

er
a

g
e 

F
o

ld
 I

n
cr

e
a

se
 (

T
/C

) 

Spot number 

Fold increase of Treated versus Control Males 



62 
 

Table 1.  Results matching the mass spectrometry sequences of the different protein 

fragments when compared with the EST database using Xcaliber and the resulting Blastp 

proteins found to match the spots. 
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(K)LLADPKFITPENVK(L)

(K)QLDPVLMR(I)

(R)SSAVPSSLSK(S)

(K)SVLGTDIK(T)

(K)VPQYEEIKPILVR(L)

(K)GTEPAPANLDNLSLCVSK(S)
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MFKLAQRLPKSVSSLGSQLSKNAPNQLAAATTSQLINTPGIRHKSRSSAVPSSLSKSMYD 

HNEEMKAAMKYMDEIYPEVMGQIEKVPQYEEIKPILVRLREAIDYTVPYGKRFKGVHIVS 

HFKLLADPKFITPENVKLSGVLGWCAEIIQAYFCMLDDIMDDSDTRRGKPTWYKLPGIGL 

NAVTDVCLMEMFTFELLKRYFPKHPSYADIHEILRNLLFLTHMGQGYDFTFIDPVTRKIN 

FNDFTEENYTKLCRYKIIFSTFHNTLELTSAMANVYDPKKIKQLDPVLMRIGMMHQSQND 

FKDLYRDQGEVLKQAEKSVLGTDIKTGQLTWFAQKALSICNDRQRKIIMDNYGKEDNKNS 

EAVREVYEELDLKGKFMEFEEESFEWLKKEIPKINNGIPHKVFQDYTYGVFKRRPE 

 

Figure 5.  Sequence of GPPS with the bold and enlarged arginine (R) being the first 

amino acid in the fragment found by MS. The bold and enlarged proline (P) is the first 

amino acid in the truncated GPPS protein from Gilg et al. (2005)  
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Figure 6.  Treated versus control gels. ProQ stained gels compared between the control 

versus the treated group (Upper left versus lower left, respectively).  Control and JHIII 

treated Sypro gels from which spots were cut (Upper right versus lower right, 

respectively). 
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Figure 7.  Results from the Pro-Q Diamond® experiment.  The Sypro stain of spots cut 

(above).  The normalized spot intensity of the significant treated versus control spots 

(average and standard deviation compared between 3 gels with a p-value < 0.10) can be 

seen in the middle. The bottom table shows the fold difference in each spot when 

comparing the treated with the control group. 
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Table 2.  Blastp results when using the EST or contig to compare the peptide fragment sequences 

then using Blastp to find out what protein the EST or contig corresponds to. 
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Figure 8.  Western blot of Geranyl diphosphate synthase/Myrcene synthase (GPPS/MS) 

comparing the control group (top) versus the JHIII treated group (bottom).  GPPS/MS 

showed up in 3 spots with the left to right labeled spot 1, 2, and 3. 
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Chapter 3 

Introduction: Molecular modeling of an insect-specific oxidative decarbonylase, 

CYP4G2 

 

I.  Cytochromes P450 

II. Cytochrome P450 system  

III. Catalytic cycle 

IV. P450 structural elements 

V.  Insect P450s 

VI. CYP 4 family 

VII. Molecular modeling 

VIII. Obstacles 

IX. References 

X. Figures 

 

I.  Cytochromes P450 

I.A.1. Overview  

 Cytochromes P450 are heme-containing enzymes that are found in organisms 

ranging from viruses, archaea, and bacteria to fungi, plants and animals.  With a broad 

substrate range and the ability to carry out a multitude of reactions, they are among the 

most versatile biological catalysts known.  The ancient isoforms, originating in times 

when there was less atmospheric oxygen, are thought to have activated and diverted 

oxygen into water and substrate molecules in an attempt to protect anaerobes 

(Wichramasinghe and Villee 1975).   
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With the continual evolution of organisms, the diversity and complexity of P450s 

greatly increased.  P450s include the microsomal monooxygenase system and the more 

primitive (or ancient) mitochondrial monooxygenase system. Cytochromes P450 evolved 

to hydroxylate metabolites and to protect organisms by making the toxins more 

hydrophilic and thus excretable.  In animals, P450s evolved to become central players in 

the detoxification of xenobiotics.   

These enzymes are called mixed function oxygenases because one molecule of 

molecular oxygen is converted to water and the other is often inserted into the substrate.  

This protein superfamily consists of diverse proteins that carry out a large variety of 

enzymatic reactions (Omura and Sato 1964). The name P450 was coined because liver 

microsomal pigment (P) reacted with carbon monoxide to result in an absorption peak at 

450nm (Eastbrook 1996, Feyereisen 1999). This protein family is one of the largest and 

oldest gene superfamilies and is most often studied in animals with regards to liver 

detoxification (Guengerich 2008). There are many other P450s in plants and animals 

(including insects) that catalyze a wide variety of reactions using both xenobiotics and 

endogenous substrates. 

I.B.  Nomenclature 

The P450 superfamily is divided into families and subfamilies with the 

nomenclature based on amino acid identity.  CYP families share greater than 40% amino 

acid identity while subfamilies share greater than 55% identity (Nelson 2009). Typical 

nomenclature begins with CYP followed by a number which designates the family, then a 

letter which designates a subfamily, with the last number signifying the protein number. 

There are currently over 48,740 CYP sequences in GenBank, including 384 CYP genes 
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from insects (Genbank 2013).  Cytochromes P450 are approximately 500 amino acids in 

length with the axial ligand to the heme being a cysteine in a region that is highly 

conserved with a characteristic sequence of FXXGXXXCXG.  There are other sequences 

that are conserved but are not present in all eukaryotic P450s. 

II.  Cytochrome P450 system 

II.A. Overview 

 A functional cytochrome P450 typically requires more than one protein.  It would 

be most accurate to call it a P450 system because in one cycle, two electrons are donated 

to the P450 from other protein(s) and these proteins are necessary for proper enzymatic 

activity (Figure 1).  In addition to being associated with a different organelle, the main 

difference between microsomal and mitochondrial cytochromes P450 is the protein 

source of the electron donation.  The electrons are donated through an associated electron 

transfer chain with electron donation to microsomal P450s resulting from interaction with 

a NADPH cytochrome P450 reductase and/or cytochrome b5 (Feyereisen 1999). 

Mitochondrial P450s most often require an adrenodoxin-like ferredoxin coupled to an 

adrenodoxin reductase (Feyereisen 1999). Although primary sequences and the reactions 

that they perform are quite variable, the basic P450 structure is well conserved from 

bacteria to insects to humans.   

III.  Catalytic cycle 

III.A. Monooxygenase catalytic cycle 

CytochromesP450 contain a heme group with an iron that has the ability to bind 6 

ligands. Four of the ligands are the nitrogens from the porphyrin pyrrole ring, the fifth 

ligand is the cysteine coordinately bound to the iron on the proximal side of the heme, 
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and the sixth ligand is the substrate (could also be water, oxygen or carbon monoxide, 

etc.), which is on the distal side of the heme (Feyereisen 2000). 

The monooxygenase activity of the P450 requires electrons from the pyridine 

nucleotides NADH or NADPH to reduce the heme iron, and this is accomplished in two 

different one electron donating steps (Feyereisen 1999).  There is some difference when 

comparing the systems of prokaryotic P450 proteins and eukaryotic P450 proteins 

(mitochondrial and microsomal) (Feyereisen 2000, Hanukoglu 1996).  Class I P450 

systems encompass most bacterial and mitochondrial systems; they require a NAD(P)H-

dependent, FAD-containing ferredoxin reductase and a ferredoxin that supplies the 

electrons for the catalytic cycle (Feyereisen 2000, Hanukoglu 1996).  

Class II P450 systems contain the microsomal P450s and they require the electron 

donation to be from a microsomal FAD and FMN diflavin NADPH-cytochrome P450 

reductase that is anchored to the ER’s outer surface (Feyereisen 1999, Hanukoglu 1996, 

Koener 1993). The NADPH donates two electrons to FAD while FMN carries only a 

single electron (Feyereisen 1999, Hanukoglu 1996, Koener 1993).  Cytochrome b5 can 

also contribute the second electron through cytochrome b5 reductase.  It is only required 

for a small portion of cytochromes P450 and is only occasionally used to enhance P450 

activity (Hanukoglu 1996). 

The crystal structure from rat NADPH-cytochrome P450 reductase showed an 

NADPH/FAD binding domain and a domain that is composed of three catalytic regions 

(Wang 1997, Hubbard  et al. 2001, Hamdane et al. 2009, Keenan 2011).   NADPH 

donates an electron to FAD while the FMN binding domain transfers the electron to the 

P450 (Keenan et al. 2011).  Although it has been known that a cytochrome P450-CPR 
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association must occur in order for the P450 to function properly, the molecular 

mechanism of this interaction has yet to be completely elucidated. The most recent school 

of thought is that the interaction between P450 and CPR is caused by ionic interactions 

between positively charged amino acids on the proximal side of the heme of the P450 and 

negatively charged amino acids on the FMN domain of the CPR (Sevrioukova et al. 

1999).  

The general monoxygenase catalytic cycle is known for cytochromes P450 

(Figure 1).   The catalytic cycle begins with the substrate binding to the low spin iron 

(Fe
III

) hexacoordinate ferric form, which may displace a water molecule from the binding 

pocket.  Next, a redox partner, varying depending on the type of P450 system, donates a 

single electron and the Fe
II
 P450 binds oxygen (Feyereisen 1999, Montellano 1995).  

This is followed by a second one electron reduction and the splitting of a molecular 

oxygen into a reactive oxygen complex with (Fe
V
 = O) and an oxygen radical atom 

reacting with and adding to the substrate (Feyereisen 1999, Montellano 1995).   The 

nature of the oxidizing species (iron oxene of iron peroxy) and the stability of the product 

varies (Feyereisen 1999, Montellano 1995).  Therefore, while P450s are 

monooxygenases, their overall function and chemistry is quite diverse and varies from 

hydroxylation to epoxidation, N- and S- oxidations, and O-, N-, and S- dealkylations 

(Coon 1996, Feyereisen 1999, Montellano 1995).  P450s carry out up to 60 different 

chemical reactions and therefore termed by Coon et al (1996) as diversozymes (Coon 

1996, Feyereisen 1999, Montellano 1995). 

Cytochromes P450 monooxygenase stoichiometry is S + NADPH + H
+ 

+ O2 → 

SO + NADP
+
 + H2O.  This stoichiometry only occurs in tightly coupled reactions, 
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because typically the reactions result in superoxide and hydrogen peroxide products 

created due to problems with the reduced P450-dioxygen complexes in which they, in 

addition to excess NADPH consumed, exceed the amount of oxygenated product 

(Feyereisen 1999, Montellano 1995). 

 It should be noted that a single cytochrome P450 can often catalyze different 

kinds of enzymatic reactions, sometimes even on the same substrate, and every P450 

varies as to the breadth of substrate specificity.  It is significant that even a single amino 

acid mutation can change the substrate specificity of an enzyme and this characteristic of 

easily altering the substrate specificity can be influenced by evolutionary pressures.  

Unfortunately, this results in the fact that the activity and/or substrate profile cannot be 

deduced simply by a primary sequence of a P450, nor upon examining how closely 

related they are to other P450s of known structure (Feyereisen 1999). 

IV.  P450 structural elements 

IV.A. Protein Data Bank 

 The first P450 protein structure in the Protein Data Bank (PDB) was cytochrome 

P450cam (Poulos 1987). Since then, over 522 X-ray crystal structures of cytochromes 

P450 have been loaded into the PDB.  With the advent of more high throughput 

technologies (in X-ray crystallography and the handling of membrane proteins), 206 of 

P450 structures were added to the PDB between 2005 and 2010, and 191 since 2010 with 

13 structures added so far in 2013 (Figure 2). 

IV.B. Three dimensional structure 

 In order to obtain a three dimensional structure using X-ray crystallography, it is 

most common to crystallize a soluble protein.  Although there have been many advances 
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in X-ray crystallography and protein crystallization techniques, solublizing and 

crystallizing membrane bound proteins continues to be a difficult task.  One common 

technique used to solublize a membrane bound protein is to cleave the transmembrane 

domain.  Another way is to find another protein that is soluble with which there is high 

identity and mutate amino acids critical for solubilization.  One example is a crystallized 

mammalian microsomal cytochrome p450 (Williams et al. 2000).  This was a cytochrome 

2C5 with 8 mutations in order to make the protein more soluble.  The PDB file 

(PDB1DT6) still lacks the first 29 amino acids due to great variation of the position of the 

N-terminus of the protein.  Proteins are dynamic structures with more movement 

occurring at the termini than internally.  In addition, because one crystal containing 

protein actually contains numerous identical proteins (with the exception with slight 

variation in position), the resulting electron density map is actually the average structure 

between all of the proteins in the crystal.  Thus, the structure arrived at is the main 

probable conformation, but not the only conformation found in nature.  Because the 

greatest variation in protein structure will occur at the termini and loop regions, often the 

structure of those areas is difficult to determine using X-ray crystallography.  

Although the primary sequences of P450s are quite variable, some 3 dimensional 

folds are well conserved, especially in the areas surrounding the heme, and therefore can 

be used to predict structure (Feyereisen 2000).  The structure consists of up to 12-α 

helices (A-L) with the β sheet elements varying, and their labeling begins with β-1.  The 

one consistent feature throughout all P450s is the conserved cysteine bound to the 

proximal side of the heme.  In addition, microsomal P450s tend to have a hydrophobic, 

transmembrane N-terminal anchor along with other conserved motifs. 
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V.  Insect P450s 

V.A. Conserved regions 

Structural examination of insect cytochromes P450 have resulted in the discovery 

of highly conserved motifs, including WXXXR in the C helix, GXXT in the I helix, 

EXXR in the K helix, PXXF in the meander loop region, and FXXGXRXCXG in the 

heme binding domain, with the X’s signifying any amino acid (Feyereisen 2005, Hlavica 

et al. 2011).  While these motifs are known, their exact function is not well understood. 

Because the heme binding domain is highly conserved and considered canonical between 

P450s, neither co-substrates (i.e. NADPH or NAD, or other activating proteins) nor 

substrates can be determined simply by examining primary sequence alignments and 

structural characteristics of this protein.  More often, substrate specificity and the 

function of the protein is greatly influenced by other, less conserved amino acids and 

structural elements.  The α-helical domains are the best conserved and the most 

structurally similar throughout P450s, therefore construction of a crude structure using 

those conserved α-helical amino acids and their 3 dimensional trajectory yields a 

beginning structure to refine using other molecular modeling techniques. 

V.B. Functions 

Insect cytochromes P450 have many different functions, including detoxification 

of insecticides and other potentially harmful chemicals. They are important in insect 

defense mechanisms and insecticide resistance.  In addition, insect P450s are also 

involved in biosynthetic pathways of juvenile hormones and other pathways involved in 

insect growth, development and reproduction (Feyereisen 1999).  Insects contain both 



77 
 

mitochondrial and microsomal P450 systems. They are found in many different tissue 

types, including the digestive tract and oenocytes. 

V.C. Insect P450 families 

 Analysis of available sequences suggests that insect cytochromes P450 fit into 

one of four major clades, including CYP2, CYP3, CYP4, and the mitochondrial CYPs, as 

described by Feyereisen, as subclasses by Gotoh, and as clans by Nelson (Feyereisen 

2006, Gotoh 1993, Nelson 1998).  Figure 3 (from Feyereisen 2006) shows the four clades 

of insect P450s and their relationship to vertebrate CYP families with the CYP family 

numbers.  

The majority of the insect P450s are contained in the CYP3 and CYP4 clades, and 

CYP6 proteins are grouped within the CYP3 clade (Feyereisen 2006).  Among D. 

melanogaster, An. gambiae, Aed. aegypti, B. mori, Ap. mellifera, and Tr. castaneum, the 

average number of genes found for CYP2, CYP3, CYP4, and mitochondrial clade were 9, 

47, 31, and 10, respectively (Feyereisen 2006).    

An analysis of the Drosophila melanogaster genome showed that it contained 86 

putative cytochromes P450 genes and 4 pseudogenes in 25 different P450 families 

(Adams et al. 2000, Scott and Wen 2001).  In Drosophila, over half of the cytochromes 

P450 are from families 6 and 4 (Crampton et al. 1999, Scott and Wen 2001, Wilde 1986).  

It is very common to have an identity of less than 50% with previously known P450s and 

often the identity dips down to less than 30% (Rupasinghe et al. 2003). 

V.D. P450 expression 

 Cytochromes P450 are extremely complex and regulation of these enzymes can 

be attributed to a number of factors.  These factors include exogenous signals and 
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exposure to toxins and other xenobiotic compounds. This results in a varied expression 

pattern for individual P450s.  Thus, P450s may be expressed differently depending on 

stress, life stages, sex, and tissues (Scott and Wen 2001). Insects have been shown to 

contain cytochromes P450 in many different tissues, which include the nervous system, 

malpighian tubules, midgut, fat body, and antennae, although they are most commonly 

associated with the midgut (Scott et al. 1998, Scott and Wen 2001, Wojtasek and Leal 

1999). 

VI. CYP4 family 

VI.A. Overview 

 In humans, the CYP4 family are microsomal monooxygenases that contain some 

members that metabolize xenobiotics, but most of the CYP4 family members are fatty 

acid omega hydroxylases.  In insects, the genes from the CYP4 clade are quite diverse, 

implying that they perform a large variety of functions (Feyereisen 2006).  These 

functions include xenobiotic metabolism and others include the production and/or 

metabolism of pheromones or odorants (Feyereisen 2006). Unfortunately, this large clade 

with great variation is the least studied clade in insects (Feyereisen 2006).  

VI.B. CYP4G2 

CYP4G2 is a 559 amino acid residue, 64kDa cytochrome P450 found in Musca 

domestica that was previously known as P450hyd. CYP4G1 in Drosophila melanogaster 

and CYP4G2 in Musca domestica are 72% identical and 83% similar in amino acid 

sequence using Blastp of the CYP4G2 sequence.  Upon discovery of the high identity, a 

collaboration was initiated between the Blomquist/Tittiger, Feyereisen and Wicker-

Thomas laboratories.  Feyereisen et al. and Wicker-Thomas showed that CYP4G1 knock-
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down resulted in flies deficient in cuticular hydrocarbons (Qiu et al. 2012).  The 

Blomquist/Tittiger lab showed that CYP4G2, expressed as a fusion protein with 

cytochrome P450 reductase (CPR), catalyzed aldehyde oxidative decarbonylation of very 

long chain aldehydes to make hydrocarbons (Figure 4) (Qiu et al. 2012).   

Cuticular hydrocarbons in insects play a critical role in preventing desiccation in 

insects and possibly protecting against pathogens. Long chain hydrocarbons also play a 

major role in chemical communication of many species.  Cuticular hydrocarbons in flies 

consist of long chain n-alkanes, methyl-branched alkanes and alkenes ranging from 21 to 

37+ carbons in length (Dillwith et al. 1981, Howard and Blomquist 2005, Qiu et al. 

2012).  

CYP4G2 has also been proposed to be involved in permethrin resistance in M. 

domestica (house fly) (Zhu et al. 2008), and as an omega-hydroxylase of fatty acids in 

triglycerides (Gutierrez et al. 2007). No assays were performed with expressed protein 

and the recognition that CYP4G2 is an oxidative decarbonylase emphasizes the danger of 

assigning function to proteins without careful assays, although P450s have been known to 

catalyze more than one type of reaction.   

CYP4G2 proved to be a very difficult enzyme to functionally assay. While the 

protein was clearly expressed, obtaining a functional protein with a strong P450 peak in 

the presence of carbon monoxide proved to be very difficult.  The investigators 

coexpressed P450 reductase with the P450, but did not obtain an expressed protein with a 

CO difference spectrum peak at 450nm. CYP4G1 was colocalized with the NADPH-

cytochrome P450 reductase and visualized using confocal microscopy. The results were 

that both proteins colocalized to oenocytes with a ratio of CYP4G1:NADPH cytochrome 
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P450 reductase of approximately 1:1. This led to the creation of a fusion protein with the 

NADPH cytochrome P450 reductase fused to the C-terminus of the P450 to ensure a 1:1 

ratio of P450 and reductase.  Previous studies showed ratios of cytochrome P450 to 

reductase to vary from 1:0.6, to 1:7, to 1:15 in the bovine adrenal cortex, human, and rat 

livers, respectively (Hamamoto et al. 1988, McManus et al. 1987, Shephard 1983).  The 

optimal cytochrome-P450 to reductase ratio is necessary when trying to examine P450 

activity.  While the CYP4G2-NADPH cytochrome P450 reductase chimera did result in a 

functional protein, other avenues were utilized to gain further knowledge about this 

protein, specifically molecular modeling and protein predictors.   

VII. Molecular modeling   

VII.A. Basic theory 

 Molecular modeling utilizes molecular biophysical theory and computational 

methods to model and imitate the movements of molecules.  The study of the movement 

and interactions between molecules is done using molecular mechanics during which 

atoms are located in a specific three dimensional trajectory in Cartesian space and consist 

of a mass and a charge.  The main concept utilized in the molecular modeling of 

CYP4G2 is considered a classical Molecular Mechanics method, sometimes called the 

Force Field method.  The advantage of this method is the requirement of fewer computer 

resources and it results in similar quality, with respect to the geometry determined by 

quantum methods.  Basically, the molecule is considered a collection of points (atoms) 

connected by springs (bonds) with varying elasticities (force constants).  The forces 

holding the atoms together can collectively be described as potential energy functions of 
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structural features like bond lengths, bond angles, non-bonded interactions, and so on.  

The combination of these potential energy functions is the force field (Tripos 1999).  

 There are lengths for bond and values for angles considered to be average.  A 

molecule will assume a geometry with those standard values in cases without 

complications of steric, electrostatic or other strains.  Structure and energy are intimately 

connected and therefore to determine a good structure, the energy must be examined in 

order to find a minima.  Before a force field calculation can be done, an equation to 

calculate the energy as a function of other molecular geometry, parameterization, and an 

algorithm to calculate new atomic coordinates must be done (Tripos 1999) 

VII.B. Molecular dynamics and protein Energy 

 Molecular dynamics is a method during which the “molecule” is allowed to move 

during the simulation and is encouraged to move naturally.  This tool allows for one to 

follow the behavior of the system.  When examining the behavior of the system, it is 

important to look at the energy characteristics of the protein.  The energies taken into 

account are bond energies, angle energies, dihedral energies, electrostatic energies, van 

der Waals energies and hydrophobic energies while on a very basic level Newton’s laws 

of motion.  

It is first important to examine the effect of the different kinds of forces that 

stabilize the protein.  There are many different forces involved in correctly folding and 

stabilizing a protein.  One of the important stabilizing forces of a protein is the van der 

Waals force.  It is a weak, non-bonded, transient attraction or repulsion between atoms.  

These attractions occur due to the fluctuations of electron clouds that exist for each atom.  

Ultimately those fluctuations result in a temporary dipole.  While van der Waals 
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interactions are weak and transient in nature, the large amount of van der Waals 

interactions within one protein result in this being a very important factor in the structure 

of a protein.  

Electrostatic interactions are another stabilizing force of proteins structure that are 

also important in protein-protein interaction.  Electrostatic interactions include ionic 

bonds where amino acids with opposite electrical charges are interact within the protein.  

In cytochromes P450 there is usually a conserved arginine with the nitrogen salt linked to 

the oxygen of the propionate chain of the heme.  Another electrostatic interaction 

includes hydrogen bonds specifically when one partially positively charged hydrogen is 

bound to two partially negatively charged atoms.  The majority of these kind of bonds are 

between a carbonyl group and an amine group. 

Covalent bonds are the strongest chemical bonds that play a part in the structure 

of a protein and they occur when two atoms share electrons.  Another stabilizing force 

that influences protein folding is hydrophobic interactions.  This occurs when the 

sidechains of hydrophobic amino acids associate and congregate to avoid interaction with 

the water solvent.  In addition to providing hydrophobic interaction with the interior of 

the protein, they are often involved in hydrophobic interactions with the membrane 

and/or maybe a part of a transmembrane domain.  Another energy examined was the 

interaction energy between the protein with its the substrate. 

During molecular dynamics simulations, it is important to monitor the potential 

energy of the protein.  If the energy of the protein rises, then it is less likely to be in that 

conformation and therefore parameters must be modified.  The potential energy of a 

protein is the internal energy with the equation: Energy = Estretching + Ebending + Etorsion + 
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Enon-bonded interactions.  The stretching energy pertains to the energy associated with the 

vibration of the equilibrium bond length between atoms.  The angle bending energy is the 

stiffness of the angle spring about the equilibrium angle (θ).  The torsional energy refers 

to the energy involved with rotation about a bond.  The non-bonding energy pertains to 

the energy involved in non-bonded interactions (i.e. van der Waals, electrostatic 

interactions).   

VII.C. Force fields 

 Because there is an enormous variation in the sizes and characteristics of each 

molecule, there have been numerous force fields developed that are most optimal with 

one type of molecule, as compared with other types.  For example, MM2 is a force field 

that was developed to analyze the conformation of hydrocarbons and other small organic 

molecules and to reproduce the covalent geometry of molecules as precisely as possible 

(Allinger 1977, Lii and Allinger 1989).  

AMBER (Assisted Model Building and Energy Refinement) and CHARMM are 

classical force fields that were developed primarily for molecular dynamics of 

macromolecules. AMBER is widely used for proteins and DNA while CHARMM is used 

for macromolecules and smaller molecules.  Tripos is a force field that comes with the 

Sybyl molecular modeling package and it works best with smaller molecules. 

 For this work, the Tripos and AMBER forcefields were used.  The Tripos was 

used when needing to refine smaller portions of the molecule, i.e. the heme group, or the 

substrate alone, while AMBER was used when trying to use molecular modeling on the 

entire protein, typically holding the heme in place since AMBER’s algorithms have 

http://en.wikipedia.org/wiki/Hydrocarbon
http://en.wikipedia.org/wiki/AMBER
http://en.wikipedia.org/wiki/CHARMM
http://en.wikipedia.org/wiki/Molecular_dynamics
http://en.wikipedia.org/wiki/AMBER
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difficulty with heme groups.  The general equation for force fields can be seen in figure 

5. 

VII.D. Methodology 

Cytochromes P450 vary greatly in their primary sequence. Yet there are canonical 

structural elements in this enzyme superfamily; so even if there is not a high amount of 

sequence identity, an accurate model can still be constructed using structural 

characteristics.  The basis of molecular modeling begins with a primary amino acid 

sequence compared to a known structure in the protein data bank.  Once a structure with 

the highest amino acid identity is found, that is used as a template for construction of the 

target model, in this case CYP4G2.   

VII.E. The template (PDB1DT6) 

 With a percent amino acid identity of 19.5%, PDB1DT6 was chosen to be the 

template.   PDB1DT6 is a rabbit cytochrome 2C5 that was modified to promote solubility 

and crystallization.  It is approximately 53kDa in size and has also been expressed in 

Escherichia coli with and without the N-terminal membrane anchor sequences, although 

for this template it lacked the transmembrane domain (amino acids 3-21) (Richardson et 

al. 1995, von Wachenfeldt et al. 1997, Williams et al. 2000).  For the purpose of making 

CYP2C5 more soluble, Williams et al. (2000) modified certain amino acids  in CYP2C3 

(a high identity, soluble protein).  The modified forms still maintained activity and were 

still able to associate with membranes in low ionic strength buffers (Cosme and Johnson 

2000, Williams et al. 2000).  PDB1DT6 was found to have a hydrophobic surface which 

probably contributes to the membrane interactions.  Ultimately, this results in a portion of 

the protein being buried in the hydrophobic core of the membrane. Because of the 



85 
 

membrane interaction, in addition to a transmembrane domain, this portion of the protein 

is rigid (Cosme and Johnson 2000, Williams et al. 2000).  In addition, there is a greater 

relationship between the catalytic domain and the membrane surface than an N-terminal 

transmembrane domain alone would exhibit.  This orientation of the protein to the 

membrane implies that the entrance to the substrate accessible channel is in the 

membrane, which allows hydrophobic substrates to enter the enzyme from the 

membrane.  The CPR binding region of CYP2C5 is perpendicular to the membrane thus 

facilitating the interaction and electron transfer from the CPR (Williams et al. 2000).  

 Cytochrome 2C5 was examined using X-ray crystallography at 3.0Å resolution 

using a synchrotron radiation source.  The overall fold consisted of an α helix-rich region 

that contains the heme and a β sheet domain (Figure 6).  Because the first 11 residues of 

the N-terminus were disordered, the first discernible in the structure is Pro-30.  Using 

Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry Williams et al. 

(2000) found that the crystallized protein is a covalent dimer. The residues between Ile38 

and Cys60 are the main amino acids involved in the dimerization, with the Cys60 of both 

molecules creating a disulfide bond that Williams et al. claim (2000) was driven by 

crystallization and that the protein was monomeric prior to crystallization.  Basically, 

those cysteines encouraged crystallization through the formation of disulfide bonds.  

They found that the propionate side chain of the D ring of the heme formed hydrogen 

bonds with Arg430, Trp120, and Arg124.  In addition, the propionic acid side chain of 

the A ring of the heme interacts with Ser426 in the β bulge before helix L and His365 and 

in β sheet 1-4.  These residues are often conserved in other microsomal P450s.  This 

cytochrome also contained a threonine (298) conserved on the helix I close to the 
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substrate binding pocket which had been previously suggested to be involved in proton 

transfer from the CPR.  In addition, this Thr298 hydrogen from the β oxygen to the 

carbonyl oxygen of Ala294, also was similarly seen in P450CAM and P450 BM3 

(Peterson and Graham-Lorence 1995, Poulos et al. 1987, Williams et al. 2000). 

 All the structural information about the PDB template protein is taken into 

consideration when constructing a molecular model.  A clustal alignment was used to 

discern where the conserved heme binding region and α-helical amino acids were located 

(Figure 7).  The conserved α-helical amino acids between the template and target, 

PDB1DT6 and CYP4G2, respectively, were used to place constraints in 3 dimensional 

space such that the conserved amino acids of CYP4G2 maintained a trajectory similar to 

that of the template (Figure 7).  After the constraints were placed on the highly conserved 

amino acids, the protein undergoes cycles of minimization and dynamics runs using 

Tripos and Amber forcefields until the model is enough like the template that it coincides 

with the structurally conserved regions, yet different enough to exhibit its own structural 

characteristics.  This determination is done through energy calculations and quality 

control comparisons with the template. 

VIII. Obstacles 

Although molecular modeling is a great alternative method, it is not without its 

limitations. One limitation is that a template is used based on known protein structures 

from the protein data bank (PDB). PDB structures are either X-ray crystal structures or 

NMR structures, thus creating difficulty when trying to find structures that are membrane 

bound.  Unfortunately, even though there have been many advances in the protein 

crystallization process, it is still a challenge to solublize a membrane bound protein such 
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that a quality crystal can be produced.  While there are some structures of membrane 

bound proteins in the PDB, they are the minority and have to modified from its native 

form to allow for crystallization. As mentioned previously, the way the complication of 

getting an X-ray crystal structure of a membrane protein is circumvented is by truncating 

the protein such that the transmembrane region is not attached and only the remainder, 

functional portion of the protein is expressed.  However, in the case of the template for 

this model, Williams et al. (2000) mutated amino acids they had determined to be 

important for solublizing.  Those amino acids were found by aligning the template 

(CYP2C5) with a soluble protein with high identity to the template (CYP2C3) and 

examining the non-conserved amino acids (Williams et al. 2000).   

Neither of these methods is always successful. Sometimes the membrane 

association is what allows the enzyme to fold properly and that interaction is occasionally 

required for a hydrophobic substrate to enter the substrate binding channel, since they 

often approach from the membrane side (Williams et al. 2000).  In the case of CYP2C5, 

the template, Williams et al. (2000) had modified the amino acids important for 

solublization and still saw an additional domain that interacted with the protein.  In 

addition, many of the proteins in the PDB used for membrane bound protein templates 

often lack the membrane spanning region resulting in a model without a transmembrane 

domain. 

While molecular modeling alone is a hypothesis, when used in conjunction with 

experimental data it can result in a very accurate model that may be used for direction 

when trying to determine possible areas of interest and mechanisms of action of proteins.  

It is especially a useful tool for proteins that are difficult to work with experimentally and 
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can target areas and/or amino acids that may be creating these difficulties.  Ultimately, 

this method is ideal for proteins difficult to work with, such as CYP4G2, and this model 

will help with examining possible substrates for this curiously complicated enzyme.  

Such information will not only give an insight into CYP4G2, but hopefully provide more 

insight into the functions of other CYP4 proteins and the unique mechanism of aldehyde 

decarbonylation with the ultimate goal of greater understanding of hydrocarbon 

formation in insects. 
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X. Figures 

 

Figure 1.  Basic catalytic cycle for Cytochrome P450  monooxygenation reactions (from 

Naur and Jensen 2011). 
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Figure 2.  Number of Cytochrome P450 entries added to the Protein Data Bank (PDB) by 

years. 
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Figure 3.  The four clades of insect P450s and their relationship to vertebrate CYP 

families.  The CYP family numbers related to insect P450 genes are marked.  (Figure 

from Feyereisen et al. 2006). 
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Figure 4.  Hydrocarbon biosynthesis from very long-chain fatty acyl thioesters (VLC) in 

cyanobacteria and insects.  Figure from Qiu et al.(2012). 
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Figure 5.  The general equation for the forcefields. 
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Figure 6.  From Williams et al. (2000) “(A) The overall fold of P450 2C5/3LVdH is 

colored from blue at the N terminus to red at the C terminus. The general location of the 

F–G loop, omitted from the final model, is shown in magenta. The designations used for 

the elements of secondary structure are adopted from those used for the heme domain of 

P450 BM3 (Ravichandran et al. 1993). (B) The mutated residues that enabled the 

crystallization of P450 2C5 are close to a crystal contact formed by helix F and the N-

terminal end of helix G in one molecule (yellow) with a symmetry-related molecule 

(cyan). The mutated residues are rendered in the lower molecule as CPK atoms and are 

found on the surface of helix F and in the portion of the F–G loop that has clear electron 

density. A samarium atom, shown in magenta, binds on the two-fold crystallographic axis 

where it interacts with charged side chains from the two molecules. This crystal contact 

limits the likely location of the portion of the F–G loop that could not be modeled.”(P.A. 

Williams 2000) 
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Figure 7.  ClustalW alignment of CYP4G2 with the template PDB1DT6. 
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Chapter 4 

Molecular modeling of an insect-specific aldehyde oxidative  

decarbonylase, CYP4G2 
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I.  Abstract 

Cytochromes P450 are a diverse superfamily of enzymes that are found in 

organisms ranging from bacteria to humans.  The broad substrate range of the enzymes 

contained in the P450 family results in their ability to catalyze numerous different 

reactions, with more reactions yet to be discovered.  Even though many of the 

mechanisms for cytochromes P450 have been extensively studied, there is one new 

reaction recently discovered.  Musca domestica and Drosophila melanogaster each 

contain a closely related P450, CYP4G2 and CYP4G1, respectively. These P450s 

oxidatively decarbonylate long-chain aldehydes to produce hydrocarbons.  There were 

many difficulties in expressing and assaying CYP4G2 and there are few substrates 

commercially available.  To further investigate this enzyme, molecular modeling was 

used.  The molecular model of CYP4G2 was constructed using homology modeling and 

molecular mechanics with Sybyl8.0, AMBER force fields, using PDB1DT6 (CYP2C5) as 
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a template.  Although more assays need to be done to confirm the model, the resulting 

structure is a good start as a theoretical tool to further investigate this difficult and 

complicated enzyme.  

II. Introduction 

Cytochromes P450 are heme containing enzymes found in a variety of organisms, 

which include viruses, bacteria, fungi, plants and animals.  Although their general 

function is monooxidation of a substrate, this large family of enzymes carries out many 

other reactions with a great variety of substrates. They are the most versatile biological 

catalysts known.  This superfamily of enzymes has been most widely studied with 

regards to liver detoxification, but plants and insects have many other P450s that are 

capable of catalyzing a great variety of reactions (Klingenberg 1958, Omura and Sato 

1964).  

Enzymes in the family 4 of the cytochrome P450 superfamily are microsomal 

monooxygenases that metabolize xenobiotics and several apolar lipid metabolites (Baer 

and Rettie 2006, Hardwick 2008).  CYP4s are also known for metabolizing 

prostaglandins and leukotrienes (Baer and Rettie 2006, Hardwick 2008).   The genes 

from the CYP4 clade are diverse, thus implying that they perform a large variety of 

functions ranging from xenobiotic metabolism to the production and/or metabolism of 

pheromones or odorants (Feyereisen 2006).  To date, this large clade with a large variety 

of enzymes is the least studied clade in insects (Feyereisen 2006). 

CYP4G2 is a cytochrome P450 found in Musca domestica.  It contains 559 amino 

acid residues and is approximately 64kDa and was previously known as P450hyd (Reed 

at al. 1994, Reed et al. 1995).  CYP4G1 in Drosophila melanogaster and CYP4G2 in 
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Musca domestica are 72% identical and 83% similar in amino acid sequence using 

Blastp.  An integument enriched cytochrome P450 was isolated and sequenced (Tittiger 

and Blomquist, unpublished).  Its homolog in Drosophila was silenced using RNAi 

(Wicker-Thomas and Feyereisen, unpublished) and when CYP4G1 was silenced, the 

resulting flies were deficient in cuticular hydrocarbons (Qiu et al. 2012).   

Cuticular hydrocarbons in insects play a critical role in preventing desiccation in 

insects and possibly protecting against pathogens. Long chain hydrocarbons also play a 

major role in chemical communication of many species.  Cuticular hydrocarbons in flies 

contain long chain n-alkanes, methyl-branched alkanes and alkenes ranging from 21 to 

37+ carbons in length (Howard and Blomquist 2005, Qiu et al. 2012).  

The Blomquist/Tittiger lab showed that CYP4G2 catalyzed oxidative 

decarbonylation of octadecanal to n-heptadecane and carbon dioxide (Qiu et al. 2012).  

There were earlier studies that proposed that CYP4G2 and CYP4G1 were involved in 

permethrin resistence in Musca domestica (Zhu et al. 2008) and as an omega hydroxylase 

of fatty acids in triglycerides (Gutierrez et al 2007). No assays were performed with 

expressed protein and in light of demonstrating that these genes code for an oxidative 

decarbonylase, the earlier studies are now suspect.  

CYP4G2 proved to be a very difficult enzyme to functionally assay.  Even though 

the protein was produced, obtaining an active enzyme that gave a strong P450 peak in the 

presence of carbon monoxide proved difficult.  Previous P450 studies found the ratios of 

cytochrome P450:CPR vary in the order of 1:0.6 to 1:15 (Hamamoto et al. 1988, 

McManus et al. 1987, Shephard et al. 1983).  Until confocal microscopy was used, it was 

unknown what contributed to the problem of obtaining functional enzyme.  It showed that 
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the protein expression profiles of CYP4G1 and NADPH-cytochrome P450 reductase 

(CPR) existed in an approximate equimiolar ratio of CYP4G1:CPR of 1:1 in D. 

melanogaster (Qiu et al. 2012).   Because of the equimolar ratio of CYP450 and CPR, it 

was speculated that CPR may need to be present in a 1:1 ratio with CYP4G2 for CYP4G2 

to fold correctly and be catalytically active.  To ensure a 1:1 ratio, a fusion protein was 

produced where NADPH cytochrome P450 reductase was added to the C-terminus of 

CYP4G2 (Qiu et al. 2012).  This construct resulted in functional CYP4G2.  Due to the 

difficulties of functional expression of this P450 and obtaining substrates, molecular 

modeling was used to gain greater information of this enzyme. 

Molecular modeling begins with finding a protein with known structure from the 

protein data bank, which is then used as a template (PDB1DT6).  The 3-dimensional 

trajectory of the amino acids in the template was used to construct the 3-dimensional 

model of CYP4G2.  Once a crude model is constructed, it is optimized using molecular 

dynamics during which the AMBER 7_99 was used to encourage the protein to move in 

the trajectory that is most likely to occur.  In order to determine the likelihood of 

CYP4G2 existing in a particular conformation, the potential energy was examined.  That 

was done with the knowledge that the lower potential energy is indicative of a 

conformational minima.  Once the model was optimized, it was compared with the 

template structure to verify the fidelity of the structurally conserved regions, which is 

used to show the validity of the construct.  Some of the comparisons performed include 

examination of side chain rotomer probability and Ramachandran angles.   

Based on the continual examination of the potential energy of CYP4G2 

throughout molecular dynamics runs, it was possible to create a realistic model of 
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CYP4G2. This model can be used for identifying residues of possible importance in 

catalysis, in addition to gaining insights on potential substrates.  It should be mentioned 

that, until additional studies and enzymatic analyses are done, this model is a hypothesis 

pending verification. 

III. Materials and methods 

III.A. Methodology: 

 Computations were done using a Silicon Graphics International (Mountain View, 

CA) and Sun Microsystems (Santa Clara, CA) computer system.  The operating systems 

used were either a UNIX or Linux.  The molecular modeling software used included 

Sybyl8.0, Protein data bank (PDB), Orchestrar, FUGUE, MOLCAD and autocontor, 

atomic horror, and interaction SPL scripts.   

III.B. Sequence analysis 

 There are two versions of CYP4G2.  CYP4G2 version one was input into 

GenBank  EF615002.1.  The CYP4G2 version two is the one investigated in this report 

and contains the additional amino acid sequence MTADTLVLET at the N-terminus and 

an asparagine (N5) that in version one is a lysine (K15) in version two.  Because the 

construct used for enzyme assays was version two, this was the sequence used to 

construct the model.  FUGUE homology modeler was used in conjunction with 

ORCHESTRAR to construct an initial model, which was then optimized. 

 The conserved regions were modeled using the protein with the highest percent 

amino acid identity from the HOMSTRAD database (Mizuguchi et al. 1998), which was 

PDB1DT6.  A tertiary structure was predicted using FUGUE (Shi et al. 2001) and 

ORCHESTRAR within Sybyl8.0 (Tripos St. Louis, MO).  The alignment and identity 
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was confirmed using the PDB sequence and ClustalW2.0 alignment.  The gaps between 

M210 - M262 and I315 – K346 were filled using the loop search utility in Sybyl8.0.   The 

loop search was based on sequence homology and the loops were fit so that there were 

the least steric clashes with the existing structure.      

The heme was extracted from PDB1DT6 and inserted to the crude model.  This 

was followed by a dynamics run performed with the Tripos force field at the following 

parameters:  NTV, length 1000fs, stepsize 0.1fs, 1fs non-bonded interactions snapshot 

5fs, temperature of 300K with the backbone and α-helices held in aggregate.  The energy 

of the structure was then minimized using the Powell minimize (Powell, 1977).  The 

model of CYP4G2 was continually refined with molecular dynamics run which allows 

the system to alternate between low energy conformations.  AMBER99_7 was the force 

field used during dynamics runs, but due to the nature of its algorithm, it was necessary to 

hold the heme in aggregate (hold the atoms in 3-dimensional space) during these runs 

(Belkina et al. 2001, Rick and Stuart 2002).   

III.C. Dynamics parameters 

 The parameters for dynamics runs using the AMBER99_7 forcefield included: 

dummy atoms and heme held in aggregate, constant NTV, length of 10ps, 0.1fs stepsize, 

snapshot every 50s, non-bonded interactions of 1fs, and T = 300K. 

III.D.  Octadecanal substrate docking 

 The substrate was constructed in Sybyl8.0, then minimized using the Tripos 

forcefield.  After the solvent accessible channels were found using MOLCAD, the 

substrate was placed at the channel opening.  Constraints were placed between the iron of 

the heme group and the C1 of the aldehyde. The constraints initially were weak, but were 



110 
 

slowly increased to encourage travel towards the heme, without forcing the substrate into 

the binding pocket.    

III.E.  Protein predictors 

TMHMM, TopPred, PsiPred and PHD HTM protein predictors were used to 

examine structure and possible transmembrane domains. 

IV. Results 

IV.A. Initial model 

A model of CYP4G2 was constructed based on the X-ray crystal structure of 

PDB1DT6 (CYP2C5) using homology modeling and a sequence alignment strategy.  The 

model predicted was determined using FUGUE with the highest percent amino acid 

identity of 19.5% with 0 RMSD.  ORCHESTRAR used the FUGUE results and the 

CYP4G2 sequence and then applied the trajectory of the template atoms (PDB1DT6) to 

the CYP4G2 sequence.   

The model constructed did not contain the first 126 amino acids.  This was due to 

lack of proteins in the PDB that aligned with the first 126 amino acids of CYP4G2.  This 

difficulty in finding a protein with high identity is the result of the PDB entries often 

being X-ray crystal structures, which are difficult to obtain when working with 

membrane proteins.  Typically, the N-terminal transmembrane region is cleaved in order 

to solubilize a protein and yield a crystal, therefore many membrane proteins lack the 

transmembrane region.  This results in fewer transmembrane regions deposited in the 

PDB.  The template, PDB1DT6 (CYP2C5), was solublized by mutating amino acids 

considered to be important for solubilizing the protein.  Those amino acids were 
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determined by examination of a soluble protein (CYP2C3) which has a high amount of 

identity with CYP2C5 (Williams et al. 2000). 

In addition to FUGUE analysis, a CLUSTALW 2.0 alignment was done to 

compare CYP4G2 with CYP2C5 and find structurally conserved regions (Figure 2). The 

structurally conserved regions of interest are the heme-binding region and the conserved 

α-helical amino acids.  The underlined regions in figure 2 show the domains determined 

to be alpha-helical in the PDB file 1DT6.  The red area is the heme binding domain and 

the highlighted amino acids are the identical amino acids which had constraints placed on 

them (Figure 2).  The *, :, and . designations show the amino acids are identical, strongly 

similar (>0.5 in Gonnet PAM 250 matrix), and weakly similar (=<0.5 in Gonnet PAM 

250 matrix), respectively.  The --- indicate where there are loops which are not contained 

in the template region that were analyzed and filled using the loop search utility.  Those 

gaps were due to differences in the protein sequences.   

The sequence in figure 2 is the alignment of the whole template and it contains 

the first 30 amino acids which are not seen in the PDB file.  Steered molecular dynamics 

was used to refine the initial trajectory which utilizes weak forces to encourage the 

substrate toward the binding pocket.  Beginning with the heme binding domain, dummy 

atoms were placed at an identical 3D trajectory as the respective conserved amino acids 

of the template.  Dummy atoms are atoms which contain no charge or size.  They are a 

point in 3 dimensional space which allows for distance constraints to be placed so the 

identical amino acid in the target (CYP4G2) can be steered toward the Cartesian 

coordinates of the template.  This reduces the computational time and the positions were 

verified by reducing the constraints to zero and examining the position of the protein. 



112 
 

Distance constraints were placed such that the identical α-helical amino acids 

were gently pulled to the trajectory of the PDB1DT6 (force = 6).  A combination of 

FUGUE and ClustalW2.0 yielded a good starting protein to optimize as a model.  These 

constraints were successfull because the potential energy decreased and the constraints 

will not force the protein into an unreasonable conformation.  Torsional constraints were 

also placed on the α-helical regions to maintain conformational integrity during the 

molecular dynamics simulation. 

To obtain a more realistic model, after each round of placing constraints on amino 

acids, the molecule was taken through molecular dynamics.  Molecular dynamics allows 

for dynamic movement of the protein which results in a protein conformation more likely 

to be seen in nature than conformations provided by other molecular modeling tools, such 

as energy minimization.  The molecular dynamics runs were 10ps in length, a stepsize of 

0.1, snapshot of 50, NTV constant, temperature of 300, coupling = 1, the heme and 

dummy atoms held in aggregate using the AMBER99_7 force field.   

IV.B. Transmembrane domain 

Three internet based protein predictors were used to examine the possible 

transmembrane domain regions.  The predictors included: TMHMM (Baldi et al. 2001), 

PHD htm (Rost et al. 1996), PsiPred (Buchan et al. 2010, Jones 1999) and TopPred (von 

Heijne 1992).  TMHMM, PsiPred and TopPred suggested that there may be two 

transmembrane domains. The results from the TopPred hydrophobicity plot predicted that 

CYP4G2 contains two transmembrane domains (Figure 3).  According to the TMHMM 

and PsiPred, the first transmembrane helix was predicted to be from amino acids 20-42 

and 23-46, respectively.  The second putative transmembrane helix was seen from 93-112 
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and 95-110, respectively. The predictor PHD htm found only one transmembrane domain 

between V24 – I44, but the reliability of the best model was low (2 on a scale to 9).   

Predictions of transmembrane domains are based on the hydrophobicity of the regions 

and are not absolute.  Microsomal CYP450s contain one transmembrane domain and 

studies have found additional hydrophobic regions that interact with the membrane even 

if the N-terminal transmembrane domain is cleaved (Cosme and Johnson 2000, Karam 

and Chang 1994, Nakayama et al. 2001, Pernecky et al. 1993).  The results from multiple 

predictors found more than one putative transmembrane region, which may be more 

indicative of regions of the protein that interact with the membrane.  Information about 

the transmembrane domain helps gain understanding about P450s, but the active site of 

P450s is buried within the proteins, such that the transmembrane region folding is 

independent of the the folding of the active site of these proteins. 

IV. C.  Checking for D amino acids 

 Although D amino acids are seen in nature, ribosomal protein synthesis results in 

L amino acids, therefore only the L isomers are incorporated when making proteins. The 

D isomers are typically a result of post-translational modifications as seen in cone snails 

(Pisarewicz et al. 2005) and are often found attached to bacterial cell walls (van 

Heijenoort 2001).  In addition, the template did not contain any D amino acids.  As a 

result, the D amino acids were found and converted to L.  The only amino acid that 

required this was alanine 322 (A322).  Using Sybyl8.0 (Tripos), A322 was mutated back 

to an L amino acid.  Protable was used to examine the side chain rotamer probability and 

Ramachandran angles.   

IV.D. Comparing with PDB1DT6 
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 The substrate for CYP4G2 is a long chain aldehyde, the most commonly studied 

substrate of CYP2C5 is progesterone (Figure 4).  After numerous rounds of molecular 

dynamics, the fidelity of the model was examined by comparing the alpha-helical regions 

of CYP4G2 with PDB1DT6 (Figure 5).  The α-helices of CYP4G2 look very similar to 

those from CYP2C5, although there are several that look different.  This is a positive 

result because the majority of conservation of the helices are closer to the substrate 

binding region and the greater variation lays farther away from the active site, which is 

expected when comparing two enzymes that utilize different substrates.   

 When comparing the active site of CYP4G2 with the active site of PDB1DT6, 

there are noticeable similarities, and a few slight differences (Figure 6).  Figure 6 

contains the amino acids within 3Å of the heme group.  An observed similarity is the 

basic amino acids (purple) located near the propionate groups in both proteins.  This is 

common in P450s because the basic amino acids form an ionic bond to the propionate of 

the heme, which affects electron transfer, and ultimately substrate binding, to the heme 

group.  Both proteins also contain a highly conserved region consisting of threonine-

threonine-serine (TTS).  This region is T362-T363-T364 (CYP4G2) and T280-T281-

S282 (PDB1DT6) with T362 and T280 aligning to a conserved threonine known to be 

involved in electron transfer in other P450s.  Figure 6 only contains the threonines within 

3Å of the heme (yellow).  For PDB1DT6 the T280 and T281 are visible, while for 

CYp4G2 only T362 is visible.  The side chain for T363 rotated away from the heme and 

is therefore not visible. The arrow is pointed towards the identical threonine (T362 in 

CYP462 and T280 in PDB1DT6).   
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One of the big differences between the binding site of CYP4G2 and PDB1DT6 is 

that there is an acidic amino acid Glutamate 358 (orange) located over the iron of the 

heme (red spacefill in center of heme) group in CYP4G2 while PDB1DT6 contains a 

hydrophobic amino acid Alanine 276 (green) closer to the iron of the heme (Figure 6).  

The significance of this difference, if any, is unknown.  Figure 6 illustrates the amino 

acid contacts of the heme group. 

IV. E.  Docking of substrate 

 Octadecanal was constructed using Sybyl8.0.  MOLCAD was used to find the 

solvent accessible channels.  The largest channel centered over the substrate binding 

region was the one selected to be used to dock the substrate.  The substrate was pulled 

toward the iron of the heme group by placing a dummy atom where the heme is and a 

distance force was placed between the C1 of the aldehyde and the iron of the heme.  This 

was initiated during dynamics runs, using the same dynamics parameters as previously 

described.  Initially the force was weak then gradually increased to avoid crashing into an 

energy barrier while traveling towards the iron of the heme. The docked octadecanal can 

be seen with the solvent accessible channel in the white transparent regions over the 

spacefill CPK heme group (Figure 7).  It is important to notice the length of the channel.  

The active site is deep within the protein, which is common for P450s because isolation 

of the heme allows it to be in a controlled environment.  If the heme group were always 

exposed, it would react with molecules able to transfer and/or share electrons thus giving 

the P450 even broader substrate specificity. 

 MOLCAD was used to find the solvent accessible surface area of the protein.   

MOLCAD is also able to find the water filled channels in the interior of the protein.  In 
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figure 8, the backbone structure is represented with purple ribbons for the α-helices, blue 

for the loop regions and yellow arrow for the β structures.   The putative substrate 

channel (Figure 8 top) was identified by looking at the cavities in the 6
th

 ligand position 

of the heme group.  The heme (spacefill) is located within the solvent accessible channel 

(opaque white) (Figure 8). The only portions of the heme occasionally seen are the 

spacefill oxygens (red) from the propionate group of the heme. The resulting model of 

CYP4G2 containing the solvent accessible channels are in figure 8 (left) while the 

solvent accessible channel(s) for the template are on the right. Figure 8 top contains 

images of the substrate channel, which appears to be pinched off in the model for 

CYP4G2 when compared with PDB1DT6 (figure 8 top right).  The bottom images show 

that both the template (left) and target (right) have multiple cavities, as found by 

MOLCAD, although CYP4G2 has more channels than PDB1DT6.   The significance of 

the difference in number and shape of solvent accessible channels is currently unknown.   

Because proteins are dynamic, ligand binding induces a conformational change in 

both the ligand and protein, which holds true for this insect protein.  Once a substrate is 

introduced to the outside channel (beige) and begins to travel towards the heme, the 

channels will change conformation and the surrounding amino acids will interact with the 

substrate, octadecanal (Figure 9).  The transparent white area is the solvent accessible 

channel as identified by MOLCAD.  The three images show the substrate at different 

distances from the heme group.  When the substrate is farther away from the heme, the 

solvent accessible channel closes itself off forming what appear to be two channels.  The 

images showing the changes of the solvent accessible channel while the substrate is 

towards the heme highlight the dynamic movement of the protein.  It emphasizes the 
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concept that, by simply introducing a substrate into the system, the protein will interact 

and react to the substrate resulting in a change of the conformation of the protein and the 

change of the shape of the solvent accessible channel.  Proteins are dynamic structures 

and their environment greatly affects their conformation.      

V.  Discussion 

 CYP4G2 is a unique enzyme.  While the cytochrome P450 superfamily is quite 

extensive, this protein is the first oxidative decarbonylase found in animals.  This unique 

mechanism of action makes CYP4G2 an interesting enzyme that needs further study.  

With the initial problems of expressing CYP4G2, molecular modeling was chosen to 

examine the protein and its interaction with potential substrates.  For confirmation of this 

model and greater understanding of the amino acids important for the function of this 

enzyme, enzymatic characterization is essential.   

Two amino acids stand out as having special importance in this model (Glu358 

and Thr362).  Characterization of P450s and multiple alignments implicate Thr362 as 

being important in electron transfer to the heme.  In addition, using crude microsomes 

from the housefly, it was shown that the hydrogen attached to the C1 of the octadecanal 

was removed and replaced on the hydrocarbon (Reed et al. 1995).  For this to occur, an 

amino acid residue must be able to first accept and then donate a hydrogen.  The location 

of glutamate makes it a candidate, but until enzymatic characterization of both mutants 

and the wild type CYP4G2 is accomplished, it is impossible to know the importance of 

this glutamate.  Currently, the exact mechanism and the amino acids involved in this 

unique reaction have yet to be determined.  Until mutational studies, product analysis and 

extensive enzymatic analysis are done, this model must be considered tentative. 
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 This molecular model is a great example of the induced fit principle.  Induced fit 

begins with a substrate-enzyme interaction that is relatively weak, but the introduction of 

the substrate to the system induces a conformational change which results in a strong 

interaction between the enzyme and substrate.  Figure 9 and the change of shape of the 

substrate channel is a great illustration of this concept.  The substrate channel changed 

such that it closed off when the substrate was farther away from the heme.  The 

remaining portion of the solvent accessible channel also changed shape, but the 

significance of that change is currently unknown. 
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VII. Figures 

 

Figure 1.  Hydrocarbon biosynthesis from very long-chain fatty acyl thioesters (VLC) in 

cyanobacteria and insects (Qiu et al. 2012). 
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Figure 2.  ClustalW 2.0 alignment of CYP4G2 with the template PDB1DT6 (CYP2C5). 
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Figure 3.  Results from the TopPred transmembrane domain predictor with the 

hydrophobicity plot above the breakdown of the results with CYP4G2 (left) and 

PDB1DT6 (right).  The graph whose hydophobicity value is greater than 1(above red 

line), is a predicted transmembrane domain region. 
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Figure 4.  The substrate for the template, CYP2C5 (Top), which is hydroxylated on the 

21
st
 carbon (the methyl group on top).  The substrate (octadecanal) that is oxidatively 

decarbonylated by CYP4G2 (Bottom) to result in a long chain hydrocarbon. 
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Figure 5.  Tube structures of the α-helical domains of CYP4G2 (cyan) and PDB1DT6 

(white) with the heme (spacefill CPK colors). 
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Figure 6.  Examining the active site (within 3Å of the heme groups).  The CYP4G2 is on 

the left while PDB1DT6 is on the right.   
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CPK spacefill = heme  

Orange = acidic 

Green = hydrophobic 
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Figure 7.  The heme is spacefill CPK colors with the solvent accessible region in the 

white cloud and the octadecanal substrate in purple. 
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Figure 8.  Model of CYP4G2 (left) and PDB1DT6 (right) with the α-helical domains 

(purple ribbons), the loop regions (cyan tubes), the β-structures (yellow arrows), and the 

solvent accessible channel(s) in white opaque (CYP4G2 and PDB1DT6).  The are 

MOLCAD representations of the substrate channel and the bottom images are MOLCAD 

representations of all of the solvent accessible channels. 
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Figure 9.  Octadecanal (purple) traveling through the solvent accessible channel (white 

and beige transparent) of CYP4G2 at different distances (docked (top), 10Å (middle), and 

15Å (bottom)) from the heme group (CPK spacefill). 
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Chapter 5 

 

Comparison of methyl-branched substrates for CYP4G2 using molecular modeling 

 

I. Abstract 

II. Introduction 

III. Materials and Methods 

IV. Results 

V. Discussion 

VI. References 

VII. Figures 

 

I.  Abstract 

 In insects, cuticular hydrocarbons are important to prevent dessication and are 

used extensively in chemical communication.  These hydrocarbons are a mixture of long 

chain n-alkanes, methyl-branched alkanes and alkenes between 21-50+ carbons.  The 

production of methyl-branched hydrocarbons begins with the production of methyl-

branched fatty acids which are then reduced to aldehydes.  The methyl branches are 

added early during chain synthesis and result in the methyl-branch being located closer to 

the methyl end rather than the carboyxl and carbonyl end of the fatty acid and resulting 

aldehyde.  A housefly P450, CYP4G2, catalyzes the oxidative decarbonylation of long 

chain aldehydes yielding hydrocarbons.  It is currently unknown if CYP4G2 is able to use 

a 3- or 4- methyl branched aldehyde as a substrate.  This study utilized molecular 

modeling and analysis of energies to determine if CYP4G2 could use the 3- or 4- methyl-

branched substrate.  The previously constructed model (Chapter 4) was used with 
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Sybyl8.0, AMBER99_7 force field to calculate the individual energies of the substrates 

and products (octadecanal, n-heptadecane, 4-methyloctadecanal, 4-methylheptadecane, 

and 3-methylheptadecane) as they traveled through the solvent accessible channel.  

Although experimental assays must be done to confirm the results, the analysis of the 

difference of van der Waals energies between methyl-branched and non-methyl-branched 

substrates suggests that there may be a significant energy barrier for the methyl-branched 

substrates and products to overcome when traveling down the substrate accessible 

channel. 

II. Introduction 

 All insects have a thin layer of cuticular lipids, primarily hydrocarbons, that cover 

their surface. Long chain hydrocarbons play key roles in insects both restricting water 

loss to prevent dessication and in chemical communication (Blomquist 2010).  The 

chemical messages include nestmate and kin recognition, mate discrimination, as sex 

pheromones (both contact and volatile), kairomones, and task cues, in addition to other 

roles that have yet to be elucidated (Blomquist 2010). 

 The biochemistry of hydrocarbon production has been primarily studied in five  

insect species, including Musca domestica  (Blomquist 2003), Drosophila melanogaster 

(Wicker-Thomas 2003), Periplaneta americana, Blattella germanica and Zootermopsis 

angusticollis (Blomquist 2010, Howard and Blomquist 2005, Nelson and Blomquist 

1995).  Insects produce the majority of their cuticular hydrocarbons in oenocytes 

associated with epidermal cells or peripheral fat body tissue (Blomquist 2010). 

The pathway of hydrocarbon production involves the elongation of fatty acyl-

CoAs to produce very-long chain fatty acids.  The very-long chain fatty acids are reduced 
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to an aldehyde and then are oxidately decarbonylated to a hydrocarbon one carbon 

shorter (Figure 1) (Howard and Blomquist 2005, Nelson and Blomquist 1995).  The 

hydrocarbons of insects are often complex mixtures of long chain n-alkanes, methyl-

branched alkanes and alkenes between 21 and 50+ carbons. In some cases specific 

components function as pheromones, where in other cases it may be the gestalt mixture 

that is important (Blomquist 2010).  

Methyl branch hydrocarbon production uses different precursors depending upon 

the location of the methyl branch.  The alkanes with methyl branches at the 2-position 

arise from the carbon skeleton of either valine (even numbered carbon backbone) 

(Blailock et al. 1976), or leucine (odd number of carbons in backbone) (Blailock et al. 

1976, Charlton and Roelofs 1991).  The methyl branches
 
on carbon-3 and more internal 

arise from methylmalonyl-CoA replacing malonyl-CoA during chain elongation, which 

also occurs early in chain synthesis (Figure 2) (Blomquist et al. 1975, Blomquist and 

Kearney 1976, Chase et al. 1990, Dillwith et al. 1982). 

Our increased understanding of the mechanism by which CYP4G2 catalyzes the 

oxidative decarbonylation of fatty aldehydes may shed light on why methyl branch 

groups are inserted early in chain synthesis toward the methyl end of the growing fatty 

acids rather than later in synthesis and towards the carboxyl end.  Blomquist 

(unpublished) suggested that the position of a methyl branch may affect the ability of the 

aldehyde substrate to travel down the solvent accessible channel and dock in the binding 

pocket. Therefore the system has evolved such that the methyl branches occur early in 

chain synthesis and only on the carbons that would ultimately be farther away from the 

carbonyl end of the fatty acid from which the hydrocarbon was derived. 
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While the substrates are not commercially available, molecular modeling was 

used to examine the likelihood that a substrate with methyl groups at the 3
rd

 and 4
th

 

carbons would fit in the substrate binding channel.  Energies were examined throughout 

the movement of the different substrates at different distances between their C1 (carbon 

closest to the heme) and the heme in the solvent accessible channel.  The energies 

examined included electrostatic, van der Waals, hydrophobic interaction (which includes 

all of the previously mentioned energies) and potential.  The substrates used to determine 

and compare the energy were: octadecanal, n-heptadecane, 4-methylheptadecane, 3-

methylheptadecane, 4-methyloctanal.   

 It is impossible to compare substrates without knowing about enzyme kinetics.  

Enzymes accelerate the rate of a reaction by lowering the free energy of activation, 

ultimately lowering the energy barrier (Figure 3 top) (Nature Education 2013).  The 

simplest form of studying enzyme kinetics is the Michaelis-Menton equation.  Most 

often, this results in more than one transition state (TS) (Figure 3 bottom).  The general 

schematic for that involves the formation of an enzyme-substrate complex (ES), an 

enzyme-product complex (EP), and a product (P) from and enzyme (E) and a substrate 

(S) (Figure 3 bottom). Although the exact number of transition states of CYP4G2 has yet 

to be experimentally determined, initial hypothesis is that there are at least three 

transition states. A general schematic of an enzyme catalyzed reaction with three 

transition states and the release of a product (P) is found in figure 4. 

 For CYP4G2, it appears that there may be more than one enzyme complex, 

including an ES and an EP complex. Because reaction intermediates are difficult to 

measure, the exact complexes involved in the formation of the product have yet to be 
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determined.   In order to investigate transition state complexes, extensive analysis of the 

catalytic mechanism of CYP4G2 must be more thoroughly characterized. Values that are 

important in determining the efficiency of the enzyme are the KM and kcat.  KM is the 

substrate concentration at ½ of Vmax and kcat is a constant for the turnover number 

(Vmax/Enzyme concentration) of a particular substrate with an enzyme.  The equations for 

KM and kcat are in figure 5.  The catalytic efficiency is determined by kcat/KM.    A kcat/KM 

of approximately 10
8
M

-1
s

-1
 is thought to be the closest to perfection as that is the rate of 

diffusion.  Until these values are obtained experimentally, it is impossible to ascertain 

which substrate the enzyme has a greater affinity for.   

Using molecular modeling, an accurate prediction can be made by examining the 

inherent energy of the protein throughout dynamics runs. To make a definitive 

conclusion, enzymatic analyses must be completed on all five ligands passing through the 

solvent accessible channels. 

III. Materials and methods 

 Computations were done using a Silicon Graphics International (Mountain View, 

CA) and Sun Microsystems (Santa Clara, CA). The operating systems used were either a 

UNIX or Linux.  The molecular modeling software used included Sybyl8.0, Protein data 

bank (PDB), MOLCAD and autocontor, atomic horror, and interaction add-ins.   

 The ligands tested were constructed using Sybyl8.0.    The initial construct was 

the CYP4G2 with the aldehyde bound from the original modeling experiment.  The 

bound octadecanal substrate was modified to an n-heptadecane, 3-methylheptadecane, 4-

methylheptadecane, and 4-methyloctadecanal.   
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 To determine the energy measurements at different distances throughout the 

channel, a dummy atom was given identical Cartesian coordinates of the terminal carbon 

(the carbon farthest from the heme group) and the fourth carbon from the end was gently 

pulled towards the dummy atom.  The force began light, but increased gradually so that 

the substrate is encouraged to leave the solvent accessible channel, but not abruptly 

forced out of the channel.  The distances measured were between the C1 of the substrate 

and the iron of the heme. 

 To get the substrate to move, molecular dynamics was implemented with the 

following parameters: AMBER99_7 force field, constant NTV, length of 10ps, stepsize 

of 0.1fs, snapshot 50fs, T = 300K, coupling 1, nonbonded 1, and the heme and dummy 

atoms held in aggregate.  

Ligand energies through solvent accessible channel were determined by standard 

energy calculations by SYBYL8.0 with AMBER force field.   The potential energy, van 

der Waals, and electrostatic energies were calculated with the SYBYL8.0 energy 

function.  The heme and dummy atoms were held in aggregate.  The interaction energies 

were calculated by using an interaction SPL script in Sybyl and setting all of the 

constraints to 0.  The hydrophobic energies were calculated using the surface area from 

MOLecular Computer Aided Design (MOLCAD) in Sybyl8.0.  After the raw values for 

the substrate-enzyme complex (ES), the empty enzyme (E) and the substrate (S) were 

obtained, to find the actual energies at specific time points, the following equation was 

used: Energyinteraction = EnergyES – EnergyE – EnergyS.   

IV. Results 
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 Methyl-branched hydrocarbons are derived from methyl-branched aldehydes and 

their fatty acids.  Methyl branches are put on early in fatty acid biosynthesis and the 

branches on the precursor fatty acids and aldehydes are present toward the methyl end of 

the long chain fatty acid.  Because CYP4G2 catalyzes the oxidative decarbonylation of 

long chain aldehydes, it is hypothesized that the location of the methyl branch evolved to 

prevent it from being required to travel down the solvent accessible channel before it 

binds to the active site of CYP4G2.  This study examined the energetic effects of 

different ligands and used those energies to determine if a methyl branch close to the 

carbonyl group would affect either travel through the solvent accessible channel or 

binding to the active site.  

Steered molecular dynamics was used to guide the substrate away from the heme.  

The initial CYP4G2 construct with the octadecanal docked was modified so that the 

substrate was converted to a 4-methyloctadecanal, a 3-methylheptadecane, a 4-

methylheptadecane, and an n-heptadecane.  The starting position for each of the 

substrates was with the substrates docked into CYP4G2.  They were then extracted by 

giving a raw (dummy) atom the same Cartesian coordinates as the terminal carbon.  A 

distance constraint was then placed between the 4
th

 carbon from the terminal carbon 

(terminal carbon defined as the carbon farthest from the heme group) and the dummy 

atom. The substrate was pulled towards the dummy atom located where the terminal 

carbon of the substrate is located in 3 dimensional space, remaining in the solvent 

accessible channel.  Using molecular dynamics with the same parameters as described in 

Chapter 4, a weak force was applied (0.1 kCal/Å) and gradually increased until the 

substrate slowly moved through the solvent accessible channel (figures 6-10).  



140 
 

Figure 6 shows the travel of n-heptadecane at three different distances from the 

heme with the solvent accessible channel (white transparent).  The solvent accessible 

channel when the substrate is docked (top) appears to close up as the substrate moves 

farther away from the heme, ultimately pinching off when the substrate is away from the 

heme group.  The travel of each of the substrates through the substrate accessible channel 

influenced the structure of CYP4G2 and the shape of the channel itself (Figures 6-10).  

The change in the fold of CYP4G2 and the structure of the channels is easily seen when 

examining the solvent accessible channels (Figures 6-10).  Figures7 and 8 shows the 

extraction of a docked 4-methylheptadecane and 3-methylheptadecane, respectively, 

including the conformational changes of the channel as the substrate is docked (top), at 

10Å (middle) and at 15Å (bottom) from the heme.  Figures 9 and 10 show the aldehyde 

substrates being extracted from the binding site, with the substrates being 4-

methylheptanal and octanal, respectively.  For all of the substrates, the solvent accessible 

channel needed to change conformation in order to accomodate the travel of each 

substrate down the channel and for the substrate to bind with the heme.  This suggests an 

induced fit enzyme binding mechanism. 

The hydrophobicity of the substrate channel, and the amino acids lining it, is 

shown in figure 11.  The amino acids are colored such that brown and green are the 

hydrophobic areas, with the amino acids colored such that the hydrophobic amino acids 

lining the channel are in green, the basic in purple, and the acidic in orange.  This 

substrate channel is quite hydrophobic, which is to be expected with the long chain 

aldehyde and the resulting hydrophobic product that is released. 
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 The potential energies were examined throughout the molecular dynamics run, 

making sure to eliminate or minimize structural obstacles.  Other energies were also 

monitored at various points during travel through the solvent accessible channel. The 

distance coordinates were determined by measuring between C1 (carbon closest to the 

heme) of the ligand and the iron of the heme group. The energies examined and 

compared between substrates were electrostatic energies, van der Waals interactions, 

hydrophobic energies, and interaction energies (Figure 12).  Examining the electrostatic 

interactions can give better understanding of the charge-charge, dipole-dipole, and 

charge-dipole interactions between the substrate and the enzyme.  The van der Waals 

interactions include both attractive and repulsive non-bonded interactions (Agnieszka 

2011).  Attractive van der Waals forces are comprised of two induced dipoles as a result 

of fluctuating charge densities between adjacent uncharged atoms (Agnieszka 2011).  

Repulsive van der Waals interactions do not involve the induction of dipoles.  They are 

more of a result of the repulsion that occurs due to electron-electron repulsion caused by 

electron clouds in close proximity (Agnieszka 2011).  Hydrophobic interactions occur 

between the hydrophobic side chains and the ligands.  The non-polar portions of 

hydrophobic molecules cluster to minimize interactions with water and other polar 

groups (Agnieszka 2011).  The interaction energy is the energy of interaction between the 

enzyme and substrate; this is the sum of the energies which is best represented by 

substrate-enzyme complex (ES), the empty enzyme (E) and the substrate (S).  To find the 

actual energies at specific points, the following equation was used: Energyinteraction = 

EnergyES – EnergyE – EnergyS.  Figures 12 and 13 show the energy graphs of the non-

methyl-branched and methyl-branched constructs, respectively.  When comparing 
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between the aldehyde and the hydrocarbon constructs, the electrostatic energy fluctuates 

in the aldehyde graphs but not in the hydrocarbon graphs (Figures 12 and 13).  This 

fluctuation is due to the dipole interactions between the aldehyde substrate and the 

protein.  Those interactions would be unexpected with a hydrocarbon substrate.  The 

energies that showed the least amount of change, and therefore contributing the least to 

the energy components involved in travel through the substrate channel were the 

electrostatic and the hydrophobic interactions (Figure 12 and 13).   

 Upon examining and comparing the energy graphs for each substrate, the van der 

Waals energy was selected for further examination due to the large variation in its values 

(Figures 12 and 13).  For the purposes of this analysis, the methyl-branched and non-

methyl-branched substrates were compared (Figure 14).  In the range of 13Å to 19Å 

between C1 and the iron of the heme, there is a noticeable difference in the van der Waals 

energies between both methyl-branched aldehyde substrates and the hydrocarbon 

products (Figure 14).  The area within the red box signifies the region of greatest 

difference.  In the distance range of 13Å to 19Å, the energy difference ranges between 5-

10kCal/mole.  This result suggests that there may be a sufficient energy barrier in the 

solvent accessible channel such that it would be more difficult for the methyl-branched 

substrate to travel through the channel to reach the heme.  As seen in figures 7-9, the 

methyl-branched aldehydes and hydrocarbons appear to be able to fit in the binding 

pocket.  The limiting factor in a substrate with a methyl-branch at carbon 3 or 4 appears 

to be an energy barrier that may hinder the ability of the methyl-branched substrate to 

leave the binding pocket and/or the product to be released from the enzyme.    

V. Discussion 
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 It has been known for some time that the methyl-branches in the fatty acid 

precursor to hydrocarbons are located distal from C1 towards the methyl end of the 

molecule.  The significance of the location of the methyl branches was not known.  The 

data presented herein suggests that one possibility is that the branching pattern evolved 

due to the fact that substrates with methyl branches toward the carbonyl end of the 

molecule had more difficulty entering and/or the methyl-branched product had difficulty 

leaving through the solvent accessible channel of the oxidative decarbonylase.  There are 

many opportunities for the substrate to interact with the amino acids lining the channel.  

Those interactions could cause a greater energy barrier for the substrate traveling through 

the channel.  An energy barrier has the potential to either slow or prevent catalysis; 

therefore different energies were examined with the substrate at different distances from 

the heme.  The van der Waals energy had the greatest fluctuation and biggest differences.  

The closer the substrate was to the binding site, the greater the van der Waals 

interactions.  In addition, the van der Waals results suggest that having a substrate with a 

methyl-branch on carbons 3 or 4 results in an energy barrier, when compared with the 

straight chain substrate.  While those values are not a binding energy, they are 

proportional to it.  The hydrophobic and interaction energy graphs were relatively 

smooth, which suggests they are probably playing less of a role than other contributing 

energy components. The results from this molecular model suggest that there is an energy 

barrier that could limit the ability of the substrate to travel through the channel and hinder 

the ability of the product to be released, but it is important for enzymatic assays to be 

done to confirm this model.  
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VII.  Figures 

 

Figure 1.  Hydrocarbon biosynthesis in Musca domestica.  From Blomquist et al.(1995). 
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Figure 2.  The biosynthetic pathway for internally methyl-branched hydrocarbons 

(Blomquist 2010). 
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Figure 3.  The top is a simple example of the activation of an enzyme catalyzed reaction 

(left) compared to a reaction lacking an enzyme (right).  In an enzyme driven reaction, 

the activation energy is lowered (Nature 2013). The bottom image is an example of an 

energy diagram of a reaction containing multiple transition states and enzyme complexes. 
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Figure 4.  The general schematic of an enzyme catalyzed reaction with three transition 

states. 
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Figure 5.  Equations for KM and kcat. 
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Figure 6.  Travel of n-heptadecane (purple spacefill) through the solvent accessible 

channel (white and beige transparent) relative to the heme (CPK spacefill). 
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Figure 7. 4-Methylheptadecane (purple spacefill) traveling through the solvent accessible 

channel (while and beige transparent) with respect to the heme (spacefill CPK colors). 
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Figure 8.  3-Methylheptadecane (purple spacefill) through the solvent accessible channel 

(white and beige transparent) relative to the heme (CPK spacefill). 
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Figure 9.  4-Methylheptanal (purple spacefill) traveling through the solvent accessible 

channel (while and beige transparent) with respect to the heme (spacefill CPK colors). 
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Figure 10.  Travel of octanal (purple spacefill) through the solvent accessible channel 

(white and beige transparent) relative to the heme (CPK spacefill). 
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Figure 11.  The hydrophobic substrate accessible channel with the heme (CPK spacefill), 

octadecanal (CPK spacefill) and amino acids within 3Å of the substrate in the channel. 
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Figure 12.  Energy charts for the straight chain substrates including van der Waals 

(VDW), electrostatic energy (EE), hydrophobic (HP), and interaction (Int) energies. 
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Figure 13.  Energy charts for the methyl-branched substrates including van der Waals 

(VDW), electrostatic energy (EE), hydrophobic (HP), and interaction (Int) energies. 
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Figure 14.   A van der Waals energy graph comparing the 18C hydrocarbon with the 4-

Methyl and 3-Methyl C17 hydrocarbons. The red box is surrounding the greatest 

difference between the methylated hydrocarbons and the non-methylated hydrocarbon. 
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