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Abstract 

 

Protein prenylation is a post translational modification where an isoprenoid is 

attached to a CaaX sequence at the c terminus of a protein. Ultimately, after this 

modification and subsequent steps, prenylated proteins associate with the plasma 

membrane and are involved in many critical cellular functions. This dissertation describes 

an exploration of the amazing range of substrates of FTase, with both regards to the 

peptide and isoprenoid binding site, as well as how this selectivity can be expanded and 

leveraged for novel applications. The first chapter is a comprehensive literature review of 

the knowledge that got us to this point, discussing how the canonical rules of the 

composition of CaaX sequences was determined as how those rules were expanded, as 

well as the use of bioorthogonal isoprenoid probes and how they have been used to study 

prenylation. Chapter 2 describes the development of a MALDI-MS peptide library based 

assay to probe what amino acids are allowed in a pentapeptide CaaaX sequence, based on 

the recently discovered prenylatable sequence CMIIM. Upon success of this work, 

expansion to another sequence, CSLMQ, as well as a comparison between the specificity 

of rat and yeast FTase for these two sequences is discussed in chapter 3. Finally, chapter 

4 focuses on the evaluation of a dual-bioorthogonal mutant FTase, an idea that combines 

two previous mutants, selectively transferring a bulky coumarin containing isoprenoid to 

an non-naturally recognized charged CaaX sequence. This dissertation expands our 

continuing understanding of potential substrates of FTase and their potential applications.     
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Chapter 1: Defining and Utilizing the Substrate Selectivity of Farnesyltransferase 

1.1.Introduction to Protein Prenylation 

Protein prenylation is an post-translational modification in which either a 15 carbon 

farnesyl group or 20 carbon geranylgeranyl group is appended to a residue near the C-

terminus of a protein from farnesyl diphosphate (FPP) or geranylgeranyl diphosphate 

(GGPP), respectively [1].  Three major prenyltransferase enzymes are responsible for these 

modifications. Farnesyltransferase (FTase) and geranylgeranyltransferase type 1 (GGTase-

I) catalyze the attachment of a single farnesyl or geranylgeranyl isoprenoid group to the 

sulphur atom of a cysteine residue present in a shared recognition motif at the C terminus 

of a protein known as a “Ca1a2X box”. In the canonical Ca1a2X model,  C is Cys, a1 and a2 

are generally aliphatic amino acids and X is normally the residue largely responsible for 

determining if the sequence is a substrate for FTase or GGTase-I. 

Geranylgeranyltransferase type 2 (GGTase-II) catalyzes the addition of two geranylgeranyl 

groups to two cysteine residues in sequences close to the C terminus of Rab proteins to 

recognition sequences CXCX or XCCX (Figure1.1) GGTase-II has a low affinity for Rab 

proteins, and a Rab Escort Protein (REP) is necessary for the prenylation of Rab proteins 

[2]. In addition, there is a more recently discovered GGTase-III which geranylgeranylates 

FBXL2, a ubiquitin ligase and Ykt6, a Golgi SNARE protein. FBXL2 terminates in the 

sequence CCVIL where the second Cys  is geranylgeranylated, while Ykt6 terminates in 

CCAIM where the first Cys is geranylgeranylated and the second Cys is farnesylated [3,4]. 

Prenyltransferase enzymes are heterodimers, with FTase and GGTase-1 sharing an α 
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subunit but having different β subunits. GGTase-II has distinct α and β subunits. GGTase-

III shares its β subunit with GGTase-II, but has a unique “orphaned” α subunit [3]. 

Monoprenylated proteins normally undergo further processing where the a1a2X motif is 

cleaved, followed by the carboxymethylation of the revealed prenylated Cys.  Association 

to the plasma membrane occurs due to the synergistic effects of prenylation and either an 

upstream polybasic domain such as in K- Ras4B, or palmitoylation at an upstream Cys 

residues such as in H-Ras [5]. It has been shown that in yeast, some proteins are processed 

through what is known as a shunt pathway, in which they are fully functional after 

farnesylation without the need for further processing [6]. 

 

Figure1.1. Three major prenyltransferase reactions 

A. Structures of FPP and GGPP. B. Reactions catalyzed by FTase, GGTase-I, and 

GGTase-II 
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Historically, prenylation has been implicated in many cancers and there has been 

substantial interest in developing inhibitors [7–10]. In recent years prenylation has also 

drawn more recent attention as a potential therapeutic target for many other diseases 

including Alzheimer’s disease, Hutchinson−Gilford progeria syndrome, and more [11–15]. 

In 2020, the first inhibitor of FTase, lonafarnib, was approved for the treatment of progeria. 

[16,17] 

The number of potential CaaX sequences is large and physiochemically diverse, and hence 

there has been substantial interest in understanding the rules of what sequences can or can’t 

be prenylated [18]. There is also a wide variety of isoprenoid analogs with various 

functional groups that can be transferred [19]. Studies utilizing various isoprenoids indicate 

that the size and shape of the isoprenoid contribute more to the transfer to the peptide 

substrate than lipophilicity [20]. Analysis of these two flexibilities may be further 

complicated by the fact that different isoprenoid substrates can effect which amino acids 

are preferred in the CaaX sequence [21,22]. 

The mechanism of transfer of FPP to substrate peptide is well understood through both 

enzymological and crystallographic studies. The isoprenoid is bound in a pocket lined with 

aromatic residues. The peptide substrate is coordinated to Zn2+ via its thiol group and is 

recognized through several key hydrogen bonds with the C terminal carboxylate, both 

direct and water mediated [23]. A crystal structure of this binding site is shown in Figure 

1.2. When both substrates are bound, a rotation of the first two isoprene units brings the 

C1 carbon toward the attacking Cys residue. This is consistent with previous kinetic models 
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[24]. Following this rotation, attack of the Cys to C1 occurs rapidly, followed by slow 

release of the product which is dependent on the binding of both a new FPP substrate and 

new peptide substrate [25]. While the mechanism of substrate binding is in theory random, 

it is in practicality ordered as the kinetics of the binding of the isoprenoid are more rapid 

than those of the peptide [26]. 

 

Figure 1.2 Active site of FTase 

A. FPP binding site. FPP is shown in teal, and relevant residues in the binding site have 

their sidechains displayed in magenta. The catalytic Zn is displayed as a sphere.  B. Peptide 

binding site. The peptide is shown in green, with magenta being used to highlight the direct 
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and water mediated hydrogen bonds responsible for the carboxyterminus to bind. Amino 

acids responsible for interacting with the peptide side chains are shown in yellow. The 

catalytic Zn is displayed as a sphere and can be seen coordinating Cys. Image based on pdb 

id 1JCR 

 

Due to the fact that nearly any protein can become a substrate for prenyltransferase 

enzymes upon fusion of a CaaX-box sequence combined with isoprenoid flexibility, means 

there are a wide range of ways to leverage these enzymes for biotechnological functions  

including fluorescent labeling and targeted delivery of drug molecules [27,28]. 

 

1.2. Evaluation of the Selectivity of the Peptide Binding Site 

1.2.1. Definition of CaaX requirements  

Initial investigations of the sequence requirements for Rattus norvegicus FTase (rFTase) 

defined aliphatic amino acids in the a1 and a2  positions, with the X position being the most 

stringent [29]. Amino acids that were preferred in the X position were found to be Met, 

Ser, Phe, Gln, Ala, and Cys. Charged amino acids were somewhat tolerated in the a1 

position and far less tolerated in the a2 position. Gly and Pro were generally found to make 

poor substrates at all positions. Further examination of the role of the X amino acid in both 

rFTase and rGGTase-I, indicated that peptides with Phe in this position could be modified 

by both enzymes. Peptides ending in branched amino acids such as Ile and Leu were 

preferred by rGGTase-I, and both enzymes were not tolerant of charged amino acids in the 

X position. It was also found that some sequences such as CVIM, while not a good substrate 

for geranylgeranylation, can be processed by rGGTase-I at a slow rate. The canonical 
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rGGTase-1 CaaX sequence CVLL cannot be processed by rFTase, leading to the idea that 

the farnesylation of peptide sequences terminating in Leu was not possible [30,31]. While 

such peptides are usually thought of as only rGGTase-I substrates the discovery that RhoB, 

terminating in CKVL, can both be farnesylated and geranylgeranylated challenged that 

view. In order to expand the understanding of CxxL peptides, the evaluation of a 41 peptide 

library was analyzed. These peptides were chosen based on predictions from a crystal 

structure and a database search. These proteins contained diverse amino acids in the a1 

position and approximately half were known to be geranylgeranylated while half had no 

known prenylation. Analysis of these peptides identified 10 sequences that were efficient 

rFTase substrates, four of which were not known to be prenylated in vivo. The best 

substrates were those in which the a1 and a2 amino acids were both smaller, uncharged 

amino acids such as Ile, Val, Leu, Cys, and Ser [32]. 

Further investigations that rFTase recognizes peptide substrates based on both 

hydrophobicity and side chain volume, and there is interdependence between the a2 and X 

positions [33]; for example, large residues at the a2 position preclude large residues at the 

X position.  In general, the optimal volume at the a2 position seemed to be Valine at 140 

Angstroms when X is Ser or Ala, but it was found that changing the X position affected 

the reactivity when nonpolar amino acids were in the a2 position. When the X amino acid 

was Met or Gln, reactivity did not substantially decrease when the a2 amino acid was larger 

than Val, allowing for more variability in amino acids at this position. Additionally, bulky 

amino acids were found to be disfavored at the a1 position, indicating a steric effect. Thus, 

the conclusion was made that rFTase substrate recognition is based on the sum of the total 
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features of the CaaX sequence rather than recognition of features from each individual 

amino acid. Another feature of CaaX sequences is that the upstream amino acids can affect 

the results of in vitro experiments, particularly when the Ras polybasic sequence is used 

[34].  

Further work focused on large peptide libraries to further evaluate the interplay between 

the a2 and X positions with both rat and yeast (Saccharomyces cerevisiae) FTase (yFTase). 

[35]. CaaX peptides with a photocleavable linker were synthesized on a membrane so that 

cyclization and cleavage allowed the peptides to be oriented in an N to C direction. The 

use of FTase along with an alkyne-containing analog aided in the search for substrates. 

Successful reactivity was evaluated by click chemistry with biotin azide followed by 

colorimetric detection based on enzyme-linked streptavidin. Using this method to evaluate 

amino acids preferred in the a2 and X position using both the yeast and rat enzymes revealed 

many peptides that agreed with the canonical model and also a few outliers that are known 

to exist in viruses and bacteria, providing potentially new therapeutic targets [36]. Analysis 

with differing isoprenoid chain lengths revealed that analogs with 10 and 15 carbon lengths 

had similar reactivity, while a 5 carbon length displayed a different reactivity pattern. 

Comparing the reactivity of rFTase with the FTases of the yeasts Saccharomyces cerevisiae 

and Candida albicans showed that more substrates are shared between R. norvegicus and 

S. cerevisiae enzymes than R. norvegicus and C. albicans. A complete list of CaaX 

sequences identified by proteomics can be found in Table A1 

 

1.2.2. Expanding the definition of CaaX sequences 
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While the canonical model was still being established, there was also interest in the use 

peptide libraries to define sequences that were outside of the canonical CaaX model that 

were bona fide substrates, finding that CKQQ and CKQM were efficient substrates of 

rFTase [37]. Subsequent work screened a library of over 200 CaaX sequences in the human 

genome and revealed many novel prenylated sequences that were observed under multiple 

turnovers conditions, as well as a variety of sequences that were only active under single 

turnover reaction conditions [38]. While the newly discovered peptide sequences that 

exhibited multiple turnovers were consistent with previous findings of allowed amino acids 

at the a2 and X position, it was found that single turnover substrates had more variability at 

those positions. Following up on the expansion of allowed amino acids in a CaaX sequence, 

computational and in vitro assays determined that it is possible for CaaX sequences to 

terminate in a negatively charged residue, when the a1 residue is usually Tyr or Phe, and 

the a2 residue conforms to the canonical model [39].  

While there have been a variety of in vitro, in vivo, and in silico experiments to define and 

expand the definition of a CaaX sequence, it appears that FTase is able to accept a wider 

variety of substrates in in vitro experiments vs in vivo [40]. To this end, assays utilizing 

high throughput yeast assays have greatly helped our understanding of prenylation in a 

model biological system. Early assays utilized a yeast-based assay, in which a-factor, a 

fully processed, prenylated peptide pheromone is required for yeast mating [41]. However, 

a more high throughput Ras-based reporter was later developed [42]. This assay utilizes a 

temperature sensitive strain of yeast that can only grow at higher temperatures when a 

constitutively active H-Ras isoform is correctly processed and transported to the plasma 
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membrane. This system supported the canonical model of the a2 and X positions. Almost 

8000 sequences were tested and it was discovered that only 6.2% of these possible 

sequences were farnesylated. The downside to such assays is that they rely on two 

additional processing steps, aaX cleavage and carboxymethylation, for a positive result. It 

is possible that a peptide can be prenylated but not further processed. Another assay based 

on the heat shock protein YDJ1 was later developed [40]. That protein must be prenylated 

for yeast to survive at higher temperatures, but it is part of the shunt pathway of prenylation 

and after farnesylation, no further processing is required for protein activity. They found 

that there was increased tolerability for polar uncharged amino acids at the a2 position and 

smaller aliphatic amino acids at the X position. This study expanded the understanding of 

the complexity of the prenylation pathway and the necessity of varied reporter systems to 

assess prenylation. 

Interestingly, the selectivity of rFTase can be additionally altered through mutagenesis in 

a rationally designed fashion [43]. It has been shown that by substituting a positively or 

negatively charged residue in the active site in concert with a second mutation to allow 

extra space, charged peptide sequences such as CVDS and CVKS can be efficient 

substrates, theoretically forming a strong charge-based interaction. These charged peptides 

have very poor initial velocities when reacted with wild type rFTase. Additionally, these 

sequences were shown to be functional in Hek293T cells by transfection with RFP 

modified with a charged CaaX sequence and associated mutant FTase and monitoring the 

localization of the prenylated protein. Another similar approach focused on having the X 

position in the CaaX sequence as a positively charged residue, with mutations adding a 
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negative charge in the active site [42]. They were able to show effective prenylation via 

the Ras recruitment assay noted above. 

1.2.3. Prenylation of C-terminal sequences is not limited to four amino acids 

While the canonical understanding of CaaX binding has long been thought to be limited to 

tetrapeptides, it has now been shown that extended pentapeptide CaaaX sequences, such as 

CMIIM, are capable of being farnesylated, but none of the sequences studied were able to 

be geranylgeranylated [44]. Evaluation of the kinetics of these sequences can be 

challenging, as many of them do not exhibit a fluorescence increase in a commonly used 

Dansylglycine-based continuous assay, despite the fact they are indeed farnesylated. 

However, these sequences have a kcat/Km value that is one to two orders of magnitude lower 

than a native CaaX sequence such as CVLS. Following up on these results, utilization of a 

MALDI based screening approach with yFTase evaluated peptide libraries based around 

the sequence CMIIM, individually changing each of the four terminal amino acids to be 

each of the canonical amino acids [45]. The greatest number of hits was found to be in the 

a1 position, furthest away from the hydrogen bonds formed by the C terminal carboxylate 

that are necessary for binding. There was some variability in the a2 and a3 positions, while 

the X position displayed results that are consistent with the canonical CaaX model. These 

peptides were validated in an in vivo yeast model by examining prenylation of YDJ1 by 

Western blot. There was also an effort to search the human genome for CaaaX sequences 

with some “CaaX-like” nature. While some of the peptides examined indeed could be 

farnesylated, the sequence CSLMQ was found to be as efficiently prenylated as the native 

rFTase CaaX substrate CVLS.  In addition to pentapeptide sequences, it was also found 
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that shorter tripeptide were also capable of being prenylated, with some, such as CFT, that 

were capable of being both farnesylated and geranylgeranylated [46]. It is noteworthy that 

both of these reactions were catalyzed by rFTase, an enzyme that is not normally capable 

of using GGPP as a substrate with tetrapeptides. These same tripeptide sequences were 

found to not be substrates for rGGTase-1. Taken together, these findings vastly expand the 

possible substrate space for FTase, and future efforts to define selectivity rules for these 

longer and shorter sequences should be evaluated. Because there are proteins in the human 

genome with pentapeptide and tripeptide sequences that can be prenylated, this also opens 

the possibility that such proteins could be prenylated in vivo and has significance in both 

biological and biotechnological dimensions. 

 

1.2.4. Peptide and peptidomimetic inhibitors of farnesyltransferase 

The flexibility of the peptide binding site has led to interest in the development of peptide 

and peptidomimetic inhibitors of FTase. Early work in this area found that tetrapeptides 

such as CVFM are not prenylated and act as competitive inhibitors of FTase, and that a 

positive charge on the amine group of the cysteine was necessary, as blocking or removing 

the amine resulted in peptides that could be prenylated [47,48].  Peptidomimetic inhibitors 

have utilized many strategies and isosteres such as methylation of the cysteine to block Zn 

coordination, replacing the aliphatic amino acids with a benzodiazepine moiety, use of non-

canonical amino acids, pseudopeptide bonds, and beta amino acids [48–53]. There is 

interest in such molecules as a way to selectively target FTase in pathogenic organisms[54]. 

Structures of small molecule inhibitors of FTase are shown in Figure 1.3 
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Figure 1.3 Small molecule inhibitors of FTase. 

1.3. Leveraging the Selectivity of the Isoprenoid Binding Site 

1.3.1 Fluorescent isoprenoid analogs 

A wide variety of fluorescent analogs have been used to evaluate the kinetics of isoprenoid 

substrates and inhibitors for their respective prenyltransferase enzyme. Those highlighted 

in this work are shown in Figure 1.4. 

 

Figure 1.4. Structures of fluorescent isoprenoid analogs discussed in this work 
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Early work described the synthesis and use of both 10 carbon (1) and 15 carbon (2) N-

methylanthranilate (NMA) isoprenoid analogs [55]. Both of these probes were efficient 

substrates of rGGTase-II and could be transferred to RAB7, with the longer probe binding 

better. Competition with GGPP reduced labeling by 70 percent, and these studies were not 

able to determine if lipid association was still possible after transfer. These probes were 

used to assess the binding kinetics of FPP and GGPP to rGGTase-II [56]. Direct and 

competitive titration of NMA analogs and FPP and GGPP allowed the calculation of 

binding constants, showing that the longer molecules were more tightly bound, with both 

native isoprenoids bunding tighter than their NMA analogs. FPP and GGPP had a Kd of 60 

and 9 nM, respectively, with their NMA analogs having Kd values of 49 and 330 nM. Stop 

flow kinetic experiments revealed that while the association constants were all similar, 

dissociation constants differed, with less tightly bound isoprenoids dissociating faster. 

Kinetic parameters indicate that FPP binds in one step to rGGTase-II, but GGPP binds in 

a multi-step process that involves a conformational change to keep the isoprenoid tightly 

bound. NMA probes have use in studying other enzymes involved in prenyl pyrophosphate 

synthesis, with compound 1 being used to evaluate the kinetics of  undecaprenyl 

pyrophosphate synthase (UPPS, an enzyme important for lipid construction of the bacterial 

cell wall) with its native substrate isopentyl pyrophosphate [57]. It was then subsequently 

utilized to explore the mechanism of inhibition of other pyrophosphate synthases such as 

farnesyl pyrophosphate synthase and geranylgeranyl pyrophosphate synthase [58]. 
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A nitro-benzo[1,2,5]oxadiazol-4-ylamino (NBD) isoprenoid analog was developed with 

the purpose of profiling prenyltransferase inhibitors [59]. They synthesized both a 10 

carbon (3) and 15 carbon (4) isoprenoid. They found that compound 3 was an efficient 

substrate for FTase (kcat/Km of 2x105 M-1 s-1), and compound 4 was an efficient substrate 

for both rGGTase-I and rGGTase-II (kcat/Km of 30x105 M-1 s-1 and 0.1x105 M-1 s-1 

respectively). An on-bead fluorescence microscopy assay was utilized to evaluate 

peptidomimetic 3-mer sequences as inhibitors of prenyltransferase, using a library based 

on a previously discovered tripeptide. In this assay, substrates were attached to beads and 

incubated with the appropriate enzyme and probe, as well as a potential inhibitor. If the 

reaction occurs, there was a lack of inhibition and the NBD probe was transferred to the 

bead. Results were easily visualized by fluorescence microscopy. To further validate the 

usefulness of these probes, they showed that they were capable of entering epidermal 

carcinoma A431 cells in a manner independent of intracellular membrane transport. In 

addition, compound 4 was utilized in a continuous fluorescence assay with rGGTase-II, 

displaying a remarkable increase in fluorescence when transferred to Rab. Mutational 

studies indicated that the first Cys in the recognition sequence was the substrate for this 

probe [60].   

A coumarin containing isoprenoid (5) was utilized to study the kinetics of UPPS [61]. It 

acts as a competitive inhibitor, undergoing one of the normal 8 elongation steps catalyzed 

by UPPS. Stop flow kinetic data revealed that while most prenyltransferase enzymes have 

a slow dissociation for FPP, the dissociation of FPP from UPPS is quite rapid by 

comparison. This probe was later used as a substrate for FTase, although it required a 
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mutation in the active site for the bulkier coumarin to be efficiently transferred [62]. This 

mutation increased the relative kcat/KM 300 fold vs FPP and could be efficiently transferred 

to a GFP-CaaX protein and used as an efficient FRET pair. 

A 10 carbon isoprenoid analog containing a BODIPY fluorophore (6) was evaluated as a 

substrate for FTase, GGTase-I, and GGTase-II [63]. Interestingly, this molecule bound to 

all three enzymes, but was only able to be transferred by rGGTase-II. The Kd of 6 was the 

highest for rGGTase-II at 245 nM, while it displayed a 1 nM and 0.23 nM Kd for rFTase 

and rGGTase-I, respectively. It was found that compound 6 was well suited for in vivo 

biological experiments since it was able to easily enter baby hamster kidney cells. It was 

also used in animal studies where injection of the probe into 3 day old zebrafish embryos 

showed significant accumulation in the circulatory and digestive systems. 

1.3.2 Photoaffinity labeling isoprenoid analogs 

Photoaffinity labeling has been used to help determine how prenyltransferase enzymes bind 

isoprenoids, as well as evaluate their substrates. Those highlighted in this work are shown 

in Figure 1.5. 
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Figure 1.5. Structures of photoaffinity isoprenoid analogs discussed in this work 

 

Early work involved the use of diazo-3-trifluoropropionyl (DAFTP) containing 

isoprenoids (7) as inhibitors of Homo sapiens FTase (hFTase) in both malignant and non-

malignant lymphocytes [64]. By studying the inhibition of p21H-Ras in cell lysates by 

Western blot, it was shown that with 10 µM probe, greater than 70% of the prenylation was 

inhibited. Further studies using 7 in the characterization of hFTase showed that the β-

subunit was labeled [65]. This was one of the earliest works to implicate the β-subunit as 

catalytically important in FPP transfer, as well as confirm both subunits need to be present 

in order for FPP to bind. A longer analog containing DAFTP (8) was used as in inhibitor 

for both hFTase and hGGTase-1 having a KI of 100 nM against hFTase, and 18 nM against 

hGGTase-I, and a competitive inhibition profile [66]. Both probes 7 and 8 were used to 

confirm that yFTase had a similar labeling pattern to the human enzyme, and could also be 

enzymatically transferred to Ras proteins and peptides, making them valuable tools for 

learning what proteins interact with prenylated Ras proteins [67]. Probe 8 was also used to 

study GGTase-II mediated prenylation of Rab5 in rabbit reticulocyte lysate, confirming by 

Western blot that Rab5 can be doubly modified with the analog, and that the prenyl chain 

interacts with both Rep and GDI-1, as well as other unknown proteins [68]. 

An aryl azide containing probe (9) was completely transferred to peptide substrates by 

rFTase [69].  Photolabeling studies caused a 70% decrease in enzyme activity after 

irradiation with 1 μM probe. The presence of the probe with no irradiation led to a decrease 
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in 25% of the transfer of FPP, which indicated that the probe was also an alternative 

substrate for the enzyme. 

Alternatively, benzophenone containing probes have been used to study prenyltransferase 

enzymes, with the idea that benzophenone compounds are more stable to handle, proceed 

with radical formation that does not get quenched by solvent, and absorb at higher 

wavelengths that are less damaging to the enzyme [70]. Use of an ester linked 

benzophenone (10) indicated that it was a competitive inhibitor compared to FPP, and 

showed that photocrosslinking preferentially labeled the β-subunit agreeing with the 

labeling identified by other probes [71]. An ether (11) and amide (12) linked benzophenone 

were also utilized. The ether linkage resulted in probes where both IC50 and KI values were 

superior to the ester linked analogs [72]. A crystal structure showed that the benzophenone 

moiety occupies the same space as the C-terminal residue of the CaaX peptide, which 

explains why these substrates are inhibitors [73]. This means that while the C1 carbon and 

the diphosphate moiety are in the correct orientation, the peptide substrate cannot bind. It 

also predicted the importance of the diphosphate unit as a major contributor to the binding 

energy of the prenyl diphosphate analogues. The amide linkage resulted in a much lower 

affinity, perhaps due to the added rigidity of the amide bond [74]. These probes were 

utilized to study both yFTase and hGGTase-1, and results indicated that the β-subunit of 

both was preferentially labeled. A shorter ether linked probe (13) was shown to be a 

substrate of both yeast and human FTase, and an x-ray structure showed that the 

benzophenone does not adopt a coplanar configuration, which might explain poorer 

photolabeling than expected [75]. Also, the benzophenone is surrounded by tryptophan and 
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tyrosine residues, which are poorly labeled due to their sp2 hybridization and consequently 

less reactive C-H bonds. 

 

1.3.3. Isoprenoid analogs used for bioconjugation 

The use of isoprenoid probes with the ability to undergo conjugation reactions are of great 

interest in both defining substrates and creating biotechnologically useful tools. Those 

highlighted in this work are shown in Figure 1.6. 

 

Figure 1.6. Structures of bioconjugatable isoprenoid analogs discussed in this work 

Historically, isoprenoids modified with alkyne and azide moieties have been used to 

evaluate the prenylome in cells through a copper-catalyzed click reaction and subsequent 

in-gel analysis with a fluorophore or biotin enrichment [76–83]. These probes mimic FPP 

and GGPP with 10, 15, and 20 carbon chains respectively and can be utilized in an alcohol 

or diphosphate form, such as (14), (15), (16a,b) and (17a,b). The earliest work utilized 

azides, with (14) followed by a reaction with a biotinylated phosphine reagent to identify 
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farnesylated proteins by MS. Compound 15 was utilized in a similar manner to attach a 

fluorophore and identify geranylgeranylated proteins.  Later, the azide was switched with 

an alkyne, and it was found that 16b is an effective substrate for FTase and 17b was 

efficiently transferred by both FTase and GGTase-I. Compound 17a has been incorporated 

into mammalian cells, and following fixation and permeabilization, a fluorophore could be 

clicked on and used in confocal microscopy and flow cytometry experiments to 

demonstrate that different cell types have significant variation in their levels of prenylated 

proteins [84]. In addition, the level of prenylated proteins in a cell-based model of 

misregulated autophagy had a significant increase in the amount of prenylated protein 

compared with normal cells, indicating that there could be an implication for diseases in 

which autophagy is misregulated. This has been further combined with azide-containing 

mass cytometry probes to evaluate both levels of prenylation and autophagy biomarkers 

simultaneously [85]. Findings showed that statins, which are commonly used in metabolic 

incorporation experiments, are actually detrimental in these models as they activate 

autophagy related pathways.   

Compound 17b has also been utilized in probing the prenylome of the malaria-causing 

parasite, Plasmodium falciparum [13]. Fascinatingly, this probe may be modified 

endogenously in P. falciparum into a 20 carbon isoprenoid via the addition of one more 

isopentenyl diphosphate group, potentially providing a better picture of the organisms 

prenylome. It was found that Plasmodium falciparum has substantially fewer prenylated 

proteins compared to fungi or mammals and is mostly comprised of membrane transport 

and small GTPases. Additionally, 17b has been used to study an Alzheimer’s disease 
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mouse model [86]. Findings indicate that a lack of FTase or GGTase-I activity is 

detrimental to neurons, and a post-mortem in vitro proteomic analysis showed that there 

are very different groups of affected proteins between different knockout models of FTase 

or GGTase-I. This is made increasingly interesting by use of an in vivo model in which the 

probe was injected into the brains of living Alzheimer’s’ disease model mice, confirming 

that there are distinct difference in upregulated prenylated proteins in the disease model vs 

wild type [87]. Furthermore, there are both shared and unique prenylated proteins among 

neurons, glia, and astrocytes indicating that different individual proteins may play specific 

roles in different diseases [88]. Similar alkyne containing probes lacking an ether linkage 

(18a,b and 19a,b) have been used to evaluate the dynamics of the prenylome in disease 

models and in combination with FTase inhibitors [89]. 

In addition to the versatile alkyne probes, other biorthogonal reactivities have been 

exploited, such as the use of aldehyde groups (20 and 21). These aldehyde probes were 

utilized in both oxime and hydrazone forming reactions [90]. GFP with a CaaX sequence 

can be modified with both probes, which can then be used for subsequent immobilization, 

fluorescent labeling, or PEGylation, all of interest for various biotechnological 

applications. Additionally, hydrazone formation was found to be reversible, and this was 

used to release fluorescently labeled proteins with amino-oxy-based reagents after the 

aldehyde-labeled protein had been immobilized via hydrozone formation. Compound 21 

was additionally used to modify Designed Ankyrin Repeat Proteins (DARPins), a type of 

protein designed to tightly bind a specific target as an alternative to antibody scaffolds [27]. 

Modified DARPins could then be easily labeled with a fluorophore for localization and 
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binding studies or be conjugated to a toxic drug for directed cell killing. It was also shown 

that a bulky trans-cyclooctene analog (22) could be enzymatically transferred to both 

peptides and proteins, and had the advantage of being able to undergo tetrazine ligation 

which is nontoxic, unlike copper catalyzed click chemistry [91]. It was also possible to 

increase affinity for this probe by mutating FTase [62]. A triorthogonal probe (23) was 

shown to be capable of being added to a CaaX labeled protein, where it underwent both 

oxime formation and a separate click reaction to modify a protein of interest with both a 

fluorophore and a drug or PEG molecule to create multivalent conjugates [92]. This 

provided a facile way to create complex multiprotein assemblies in a predictable manner. 

Finally, it should be noted that the CaaX recognition differences in combination with 

isoprenoid preferences was used to synthesize specific diprotein constructs in one pot [93]. 

A GFP bearing the CaaX sequence CVLL will react only with rat GGTase-1 and a longer 

azide bearing isoprenoid, while an RFP with the CaaX sequence CVIA will selectively 

react with rat FTase and a shorter alkyne-bearing isoprenoid. The two could then be clicked 

together to produce a heterodimeric construct.  

1.4.Conclusions 

Prenyltransferase enzymes are able to catalyze the transfer of a wide variety of isoprenoid 

substrates to a large number of peptide and protein substrates. This flexibility has been the 

focus of numerous studies and has been particularly useful for the creation of probes to 

unravel the details of the biochemistry of these enzymes, as well as for the development of 

inhibitors that may be useful for biomedical applications. The application of this 

knowledge is as varied as the substrates themselves. These applications in protein-protein 
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constructs highlight the truly amazing versatility of prenyltransferase enzymes for their 

peptide and isoprenoid substrates, providing a unique and efficient approach to creating 

valuable tools for chemical biology and drug discovery. 
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Chapter 2: MALDI Analysis of Peptide Libraries Expands the Scope of Substrates 

for Farnesyltransferase 

Reproduced from Garrett L. Schey, Peter H. Buttery, Emily R. Hildebrandt, Sadie X. 

Novak, Walter K. Schmidt, James L. Hougland, and Mark D. Distefano, MALDI Analysis 

of Peptide Libraries Expands the Scope of Substrates for Farnesyltransferase, Int. J. Mol. 

Sci., p. 12042. Copyright 2021, the authors 

 

2.1. Introduction 

Protein prenylation is a post-translational modification which involves the covalent 

attachment of a hydrophobic isoprenoid group to the thiol side chain of a cysteine residue 

located near the C-terminus of a protein. Farnesyltransferase (FTase) and Geranylgeranyl 

transferase (GGTase-I) transfer a 15-carbon farnesyl and 20-carbon geranylgeranyl group, 

respectively [94].  These enzymes recognize proteins with a C-terminal tetrapeptide 

consensus sequence known as a “CaaX box”, where “C” is the cysteine residue that is 

covalently modified, “a” is usually an aliphatic amino acid, and the “X” is a residue that is 

largely responsible for determining whether the protein substrate is targeted by FTase or 

GGTase-I [1](Figure 1). Protein prenylation is essential for proper cellular localization and 

signaling activity, and misregulation of prenylated proteins is implicated in many 

diseases.[5,95] For this reason, prenylation has also drawn more recent attention as a 

potential target for treatment of Alzheimer’s disease, Hutchinson−Gilford progeria 
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syndrome, and numerous other diseases.[11–15] In 2020, the first inhibitor of FTase, 

lonafarnib, was approved for the treatment of progeria. [16,17] 

 

Figure 2.1. Diagram of the farnesylation of a C-terminal canonical tetrapeptide by 

FTase, as well as an example of an extended pentapeptide sequence 
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FTase manifests broad substrate specificity, catalyzing the transfer of a farnesyl group from 

Farnesyl Pyrophosphate (FPP) to a variety of polypeptide substrates, and many attempts 

have been made to define what amino acids are preferred or not preferred in the CaaX 

sequence.[18,29]  This flexibility has even been leveraged in the design of novel mutant 

FTases for orthogonal labeling.[43] While the canonical model of the CaaX box is 

generally well understood, it has recently been found that certain sequences longer than the 

four-residue CaaX motif can also be farnesylated by both yeast and mammalian FTase 

orthologs.[44] These CaaaX motifs were first observed in yeast, and initial evaluation of 

CaaaX substrate space found the sequence CMIIM to be the prototype for the CaaaX 

sequence, with in vitro assays indicating that this peptide was a reasonable substrate 

(kcat/KM = 1.9 x 104 M-1s-1), although less efficient compared with the most efficient CaaX 

peptides such as CVLS (kcat/KM = 2.0 x 105 M-1s-1).[44]  

Though the substrate space of the CaaX containing peptides has become increasingly well 

defined as a result of the past three decades of research, there are many questions remaining 

about how this information might apply to the extended CaaaX sequences. Work in our lab 

and others has relied on a library-based screening approach to probe peptide substrate 

space, which involves generating a large number of peptides that have a systematic 

combination of amino acids. Previous analysis of peptide libraries has involved the use of 

an alkyne-containing isoprenoid analogue to allow for biotin attachment by derivatizing 

with biotin-azide via copper-catalyzed azide−alkyne cycloaddition. [36] The attached 

biotin then allowed for visualization of farnesylated peptides via an enzyme-linked assay 

involving streptavidin-alkaline phosphatase to form a colored product. One disadvantage 
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of that approach is that it relies on the use of synthetic isoprenoid analogues that may 

perturb enzyme specificity. To complement that approach, we developed an alternative 

peptide library screening strategy to analyze the substrate space of pentapeptide CaaaX 

sequences that would employ MALDI-MS as the method of detection. Since peptide 

farnesylation results in a significant increase in mass, farnesylated products are easily 

separated from their unfarnesylated precursors. Moreover, MALDI typically generates 

singly charged species without fragmentation, allowing for rapid sample analysis, high 

sensitivity, and is amenable to complex mixtures, giving it numerous advantages.[96,97] 

Thus, it was hypothesized that MALDI would allow for libraries containing 10-20 

members to be quickly and easily analyzed while utilizing the native substrate FPP without 

the need for a biorthogonal analog for subsequent visualization. Splitting libraries into 2 

sets with 10 of the canonical amino acids allows for analysis without isotopic overlap of 

Leu/Ile and Lys/Gln.[98,99] To start this exploration of novel substrate space, we utilized 

peptide libraries based on randomization of the best characterized CaaaX sequence, 

CMIIM, to determine if this sequence’s farnesylatability could be improved and if 

additional amino acid substitutions not normally considered canonically “CaaX-like” could 

be identified. 

2.2. Research Objectives 

In this work, we sought to evaluate the potential of FTase to discover novel extended 

CaaaX sequences that could be substrates of FTase. Our approach was to use a 

combinatorial peptide library approach coupled with MALDI analysis to probe for 

potential novel substrates of FTase. We created libraries based on a previously discovered 
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sequence, CMIIM, as well as searched the human genome for biologically relevant 

sequences. Sequences discovered through screening were subsequently validated through 

HPLC and in vivo yeast assays. 

2.3. Results 

2.3.1. Validation and optimization of MALDI method with known substrates 

To determine whether the proposed MALDI method could be adapted to identify novel 

CaaaX sequences, initial efforts focused on peptides with the sequence DsGRAGCVa2A 

(where Ds is a dansyl group). The canonical CaaX tetrapeptide CVIA is a native substrate 

for the yeast FTase, and libraries examining the sequence variability at the a2 and X 

positions have been previously reported making this an excellent test case. A DsGRAG tag 

was appended onto the N-terminus to aid in purification and increase ionization 

efficiency.[100,101] Thus, a 17-membered DsGRAGCVa2A library was synthesized, 

where X was varied to all 20 proteogenic amino acids except cysteine, leucine, and 

glutamine. Cysteine was omitted due to potential synthetic difficulties, while leucine and 

glutamine were omitted as they have nearly identical monoisotopic residue masses to 

isoleucine and lysine respectively, and thus, would be indistinguishable. In the unreacted 

library, all individual peptide peaks could be observed and resolved in the MALDI 

spectrum, including those with a difference of only one mass unit (Figure 2A). This library 

was farnesylated in the presence of different concentrations of FTase to determine the 

optimal conditions for farnesylating a complex mixture of substrates. Initial reactions 

containing 0.1 nM enzyme showed no appreciable product formation (Figure 2B). When 

the enzyme concentration was increased to 10 nM, the intensity of the unfarnesylated 
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peptides decreased in the MALDI spectrum, and several farnesylated peptides were 

observed with easily detectable intensity (Figure 2C).  

Gratifyingly, most of these initial product peptides contain amino acids at the X position 

which were shown to be farnesylated effectively in previous studies.[18,35,36] Increasing 

the enzyme concentration to 100 nM yielded a similar reduction in the intensity of all 

unfarnesylated peptides and 10 farnesylated peptides were observed with remarkably high 

intensity (Figure 2D). 
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Figure 2.2. Farnesylation of a DsGRAGCVa2A peptide library with varying yFTase 

concentrations. 

Libraries reacted with (A) no enzyme (B) 0.1 nM enzyme (C) 10 nM enzyme (D) 100 nM 

enzyme. The identity of the residue in the X position is indicated with the letter above each 

peak. The farnesylated peptides are highlighted with the designator “fn”. 

 

 

2.3.2. Identification of novel substrates from the CMIIM motif using MALDI analysis 

With the above validation complete for a simple CaaX library, several libraries were 

prepared based on the previously reported pentapeptide CaaaX box CMIIM, where the four 

positions following Cysteine were individually varied to all 20 proteogenic amino acids. 

This was done using two libraries of 10 peptides for each position, so that all possible 

amino acid substitutions could be evaluated without the overlap of amino acids with near 

identical molecular masses. Thus, eight libraries were created in total, two each for the 

sequences Ca1IIM, CMa2IM, CMIa3M, and CMIIX. The predicted masses of the starting 

peptides and products along with their experimentally observed counterparts are provided 

in Table A2. While the ionization of the first unfarnesylated CXIIM library was sufficient, 

initial attempts to farnesylate this library with 100 nM yFTase proved unsuccessful. This 

was not surprising since CMIIM was reported to be a 10-fold poorer substrate relative to 

the native CVIA sequence. Increasing the enzyme concentration to 1 µM gave several hits 

(Figures 3B, 3D), while a reaction containing 10 µM enzyme did not greatly enhance the 

number of product peptides or their intensity (Figures A1-A4). Therefore, all farnesylation 

reactions studying the CaaaX libraries were performed using 1 µM yFTase. One potential 

cause of the need for increased enzyme for these pentapeptide libraries is that as well as 
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being poorer substrates, some may actually act as inhibitors of FTase. Peptides and 

peptidomimetic inhibitors of FTase have been known for many years.[53] Gratifyingly, the 

farnesylation of the CXIIM library showed farnesylation of the parent peptide, as well as 

several new amino acids. In total, 30 new potentially farnesylated CaaaX sequences were 

observed using a threshold of a signal to noise ratio of >12 across the eight different 

libraries (Table 1). The majority of the hits in the pentapeptide CMIIX library, including 

residues Q, A, M, S, were previously found to be good substrates when in the X position 

of the corresponding tetrapeptide CaaX box. Approximately half of known X position 

amino acids known to be substrates (in the context of the tetrapeptide CaaX box) were 

observed in our analysis of the CMIIX library. Overall, the X position libraries contained 

the lowest number of unexpected (or non-canonical) amino acids, leading us to hypothesize 

that recognition of the C-terminal residue in a pentapeptide in the enzyme active site may 

involve similar interactions as occurs with tetrapeptide CaaX box sequences. In contrast, 

some more unexpected amino acids, including Tyr or His in the a1 position were detected. 

Eight of the above peptides were selected for further evaluation, reflecting a mixture that 

represents a sampling of diverse substrate space. 

Table 2.1. Summary of peptides observed in MALDI/MS libraries.  Peptides chosen 

for further evaluation are bolded. 

 

Library Sequence Observed Amino Acid Hits 

Ca1IIM S, C, M, F, Y, A, P, Q, E, H 

CMa2IM
a G, S, N, K, Q, E, H, R 

CMIa3M
a G, N, M, A, T, L, Q, E, H 

CMIIX S, C, K, A, Q, M 
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aFarnesylated isoleucine (I was present in the parent sequence CMIIM) was also observed 

in this library but with a signal to noise ratio of less than 10 and hence was not included in 

this tabulated data. 

 

2.3.3. Evaluation of individual peptide hits by HPLC 

To confirm the farnesylation of the hits in the library based MALDI analysis and to 

compare the farnesylation efficiencies of the various peptides with CMIIM, it was 

necessary to develop a secondary assay. This was readily accomplished by capitalizing on 

the presence of the dansyl fluorophore present in all of the peptide sequences, using High 

Pressure Liquid Chromatography (HPLC) to separate the starting peptides from their 

cognate farnesylated products. The extent of conversion was quantified by observing the 

loss of starting material over time via integration of the fluorescence signal. Since these 

reactions were performed with pure individual peptides, the possibility of inhibition by 

other nonsubstrate peptides was eliminated. Hence the concentration of enzyme was 

reduced from 1 µM to 25 nM. In each case, the structure of the farnesylated peptide was 

confirmed by Liquid Chromatography MS2 (LC-MS/MS) analysis. Of particular note, 

characteristic b4 and b5 ions were used to establish S-farnesylation on cysteine (Table A3 

and Figure A14). The percent farnesylation of these peptides is summarized in Table 2. 

The CMIIM peptide displayed 56% conversion to product in 30 min with 25 nM yeast 

FTase (yFTase) (Figure 4A). Peptides considered to be similar to the related “CaaX-like” 

sequences, including CMIIQ, CMIIS, CSIIM, and CMKIM showed conversion similar or 

greater to that of the parent CMIIM (Figure 4B, Figures A5-A7). The sequences CMIGM 

and CMIIK both displayed little to no conversion under these reaction conditions; this was 
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not particularly surprising since both Gly and Lys are not normally observed in related 

CaaX sequences in the aliphatic or X position, respectively (Figure A8-A9); we speculate 

that the presence of the additional cationic lysine residue may boost ionization of that 

farnesylated peptide in the initial MALDI screening even if present in very low abundance. 

Interestingly, low conversion was observed for the sequence CHIIM, and high conversion 

for CYIIM, which contain residues that are also not commonly found in farnesylated CaaX 

sequences (Figures A10-A11). These initial findings indicate that while many of the 

canonical rules that define CaaX sequences also apply to the extended CaaaX sequence, 

the extra amino acid allows for some additional flexibility in allowable amino acids and 

expands the scope of these FTase substrates.  
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Figure 2.3. Farnesylation of DsGRAGCa1IIM libraries. 

Library 1 (A) before and (B) after farnesylation with 1 µM yFTase. Library 2 (C) before 

and (D) after farnesylation with 1 µM yFTase. The identity of the residue in the X position 

is indicated with the letter above each peak. The farnesylated peptides are highlighted with 

the designator “fn”. 

 

Overall, of the 8 peptide sequences that were selected for analysis in the secondary HPLC 

assay, 6 (75%) were confirmed as substrates. As a first step to querying the potential 

relevance of CaaaX sequences to a mammalian system, the above peptides from the yFTase  
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Figure 2.4. HPLC assays quantifying the conversion of selected peptides by the 

fluorescence of Dansylglycine (ex. 220/em. 495). 

Reactions contained 2.4 µM peptide, 10 µM FPP and specified FTase concentration. (A) 

DsGRAGCMIIM (25 nM yFTase); (B) DsGRAGCMIIQ (25 nM yFTase); (C) 

DsGCMTSQ (100 nM yFTase); (D) DsGCSQAS (100 nM rFTase). Chromatograms of the 

reaction before (red) and after enzymatic reaction (blue) are shown for each peptide. The 

farnesylated peptides always elute later than their unfarnesylated counterparts. It should be 

noted that CMIIM and CMIIQ are sequences obtained from initial screening of peptide 

libraries via MALDI whereas CMTSQ and CSQAS are sequences identified from 

bioinformatic analysis of human genome sequences, guided by the results from the library 

screening. 

 

screen were evaluated with rat FTase (rFTase) (Table 2). The only peptides that showed 

significant conversion with 200 nM rFTase were the CMIIS and CMIIQ sequences. This 
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is not particularly surprising, as the rat enzyme is generally more stringent in what 

substrates it accepts compared with the yeast enzyme.[35,36] 

 

2.3.4.  CaaaX hits in the mammalian genome  

When searching the human genome for CaaaX sequences of the type CSXXX, CXXXQ, 

or CXXXS, 138 C-terminal CaaaX sequences were found that exist on known proteins. In 

order to narrow down this list, those which had unlikely motifs such as multiple charged 

residues or Gly and Pro amino acids were omitted. That left 28 sequences that might serve 

as prenyltransferase substrates. (Table A4). Of those sequences, 10 were selected for 

further evaluation. The results of HPLC assays with those 10 are shown in Table 3. While 

many of these sequences showed very limited activity with 100 nM rFTase, CMTSQ 

(Figure 4C) and CASQS (figure 4D) showed substantial conversion, with CSLMQ 

showing excellent conversion (Figure 5A). CSLMQ still showed high conversion with as 

little as 25 nM rFTase, and when this peptide was compared to the native CaaX sequence 

CVLS at the same enzyme concentration, the results were almost identical, with both 

peptides achieving 85% conversion (compare Figures 5A and 5B). Thus, it is striking that 

an extended CaaaX sequence can be farnesylated as efficiently as a native CaaX sequence, 

since even the best previously described pentapeptide CaaaX sequence, CMIIM, is 

approximately an order of magnitude worse compared with the native tetrapeptide 

ones.[44] These mammalian sequences were also evaluated with yFTase, and the three 

aforementioned peptides manifested excellent conversion with that enzyme as well, with 

CSQAS and CSLMQ still being efficiently farnesylated with as little as 25 nM yFTase, 



36 
 

with CMTSQ displaying 60% conversion with yFTase, while it had substantially less 

activity with the rat enzyme. CASSQ also displayed good conversion with the yeast 

enzyme, which is perhaps unsurprising due to its similarity to the native CaaX sequence 

CASQ. 

Table 2.2. Percent farnesylation of CaaaX peptides derived from MALDI libraries. 

Each value is the result of triplicate experiments. 

Sequence 25 nM yFTase, rt 200 nM rFTase, 35 C 

CMIIM 56 ± 10 50 ± 3 

CMIIS 61 ± 14 25 ± 3 

CMIIQ 76 ± 3 80 ± 2 

CSIIM 64 ± 5 < 1 

CMKIM 54 ± 10 < 1 

CYIIM 95 ± 1 49 ± 1 

CHIIM 15 ± 6 < 1 

CMIGM < 1 < 1 

CMIIK < 1 < 1 

 

 

2.3.5. Farnesylation of CaaaX sequences can occur efficiently in cells 

While many of the above peptides were shown to be farnesylated in vitro, an important 

question concerns their ability to be farnesylated under cellular conditions. Accordingly, 

to determine whether these pentapeptide CaaaX sequences could be farnesylated in vivo, 

they were analyzed in the context of the yeast HSP40 protein Ydj1p, which has proven to 

be a useful reporter system for studying the specificity of farnesyltransferase in yeast.[6,40] 

Farnesylation of Ydj1p alters its mobility in SDS-PAGE such that farnesylated wild-type 

Ydj1p (CASQ) has increased mobility (i.e. smaller apparent kDa) relative to unfarnesylated 

Ydj1p-SASQ.[6] This mobility shift is entirely attributable to farnesylation because the 
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shift is eliminated in the absence of FTase activity as determined using a yeast knockout 

strain (Supplemental Figure A12). 

Table 2.3. Percent farnesylation of CaaaX peptides derived from mammalian 

genome. Each value is the result of triplicate experiments, ND = not measured. 

Sequence 25 nM yFTase 100 nM yFTase 25 nM rFTase 100 nM rFTase 

CSLMQ 95 ± 4 > 99 79 ± 2 > 99 

CSQAS 43 ± 3 > 99 ND 66 ± 1 

CMTSQ ND 62 ± 1 ND 9 ± 1 

CASSQ ND 33 ± 3 ND < 1 

CQYNS ND < 1 ND < 1 

CLACS ND < 1 ND < 1 

CVQTS ND < 1 ND < 1 

CASLS ND < 1 ND < 1 

CSKLN ND < 1 ND < 1 

CLLFS ND < 1 ND < 1 

 

 

 

Figure 2.5. Comparison of the prenylation of CSLMQ and CVLS. 

HPLC assays displaying that the best peptide from the bioinformatic screen, CSLMQ, was 

able to show near identical conversion to a native tetrapeptide sequence CVLS with 

conversion of 85% vs 84%, respectively. The quantification was performed as in Figure 4. 

Reactions contained of 2.4 µM peptide, 10 µM FPP and 25 nM enzyme. (A) 

DsGRAGCSLMQ with 25 nM rFTase; (B) DsGCVLS with 25 nM yFTase. 
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A similar FTase-dependent mobility shift was previously used to demonstrate the 

farnesylation of the reporter protein Ydj1p-CMIIM which bears a C-terminal pentapeptide 

CaaaX sequence.[44] By comparison to Ydj1p-SMIIM (a non-farnesylated protein), all of 

Ydj1p-CMIIM appears to be shifted to increased mobility, indicating that this and possibly 

other non-canonical length CaaaX sequences are able to undergo near complete 

farnesylation in cells. The CaaaX sequences obtained from the initial library screening 

described here were similarly individually transformed into yeast and evaluated using this 

mobility shift assay and were determined to be farnesylated to varying degrees (Figure 6). 

Quantification of the farnesylated and unfarnesylated species in each lane indicated that 

Ydj1p-CMIIQ, -CMKIM, -CSIIM, and -CYIIM appeared to be extensively farnesylated 

(100%, 98%, 100% and 100%, respectively), -CHIIM and -CMIIS were moderately 

farnesylated (55% and 77%, respectively), and -CMIGM was modestly farnesylated 

(20%). In addition, several of the CaaaX sequences observed in the mammalian genome 

were effectively farnesylated with -CSLMQ showing extensive farnesylation(91%) and -

CLLFS and -CSKLN showing more limited farnesylation (18% and 11%, respectively) 

(Figure 7).This data with standard deviation and information on biological and technical 

replicates is shown in Table A5  Based on these in vivo results, it appears that the scope of 

farnesylatable sequences appears larger than previously believed. 

 2.4. Discussion 

This work describes a new systematic approach to discover novel peptide substrates for 

FTase by combining the combinatorial power of Solid phase peptide synthesis (SPPS) with 

the ease of MALDI-MS. The workflow consists of synthesizing focused libraries  
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Figure 2.6. Mobility shift analysis of Ydj1p-CaaaX variants identified from peptide 

libraries. 

Whole cell lysates prepared from yeast expressing the indicated Ydj1p-CaaaX variant were 

evaluated by SDS-PAGE and anti-Ydj1p immunoblot. The indicated Ydj1p variants were 

expressed in yWS2544 (ydj1::KANR) to eliminate any contribution from naturally 

encoded Ydj1p. Farnesylated Ydj1p (CASQ) exhibits a smaller apparent molecular mass 

relative to unmodified Ydj1p (SASQ). Farnesylation profiles for the indicated Ydj1p-

CaaaX variants were determined across multiple biological and technical replicates, from 

which the percent of farnesylated species relative to the total signal for a sample was 

determined (see Figures A12-A13 and Table A6). 

  

Figure 2.7. Mobility shift analysis of Ydj1p-CaaaX variants identified from analysis 

of mammalian genome. 

Whole cell lysates prepared from yeast expressing the indicated Ydj1p-CaaaX variant were 

evaluated by SDS-PAGE and anti-Ydj1p immunoblot. The indicated Ydj1p variants were 

expressed in yWS2544 (ydj1::KANR) to eliminate any contribution from naturally 

encoded Ydj1p. Farnesylated Ydj1p (i.e., CASQ and CMIIM; closed triangle) exhibits a 

smaller apparent molecular mass relative to unmodified Ydj1p (i.e., SASQ and SMIIM; 

open triangle). Farnesylation profiles for the indicated Ydj1p-CaaaX variants were 

determined across multiple technical replicates, from which the percent of farnesylated 

species relative to the total signal for a sample was determined (see Figures A12-A13 and 

Table A6). 
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containing 10-20 sequences obtained by randomizing a synthetic peptide at a single 

position. As SPPS relies on iterative coupling reactions to extend a peptide from a solid 

support, the reaction of complex libraries is quite facile. Incubation of the library with 

FTase and FPP followed by MALDI analysis allows the enzymatic products to be clearly 

resolved from starting peptides due to the increase in mass that occurs upon farnesylation 

(a 204.1 Dalton increase). Positive hits are then confirmed using a secondary HPLC based 

assay with purified individual peptides functionalized with a dansyl fluorophore to 

facilitate quantification. Finally, expression of the yeast protein Ydj1p containing specific 

C-terminal CaaaX sequences in yeast followed by western blot analysis of cellular lysates 

allows the extent of farnesylation within live cells to be ascertained. 

In analyzing the results from the extended CaaaX libraries, it was found that the a1 position 

manifested the greatest number of hits (10), likely due to the fact that it is furthest away 

from the C-terminal X residue that plays a key role in substrate recognition. Numerous hits 

were also observed in the a2 and a3 positions with the a3 position showing more canonical 

(canonical in the context of the tetrapeptide CaaX box) hydrophobic residues (Ala, Leu, 

and Met). The X position, considered the most important for peptide recognition, showed 

canonical hits (Ala, Cys, Ser, Gln, and Met) with one exception, Lys, which was not a bona 

fide substrate of the enzyme when evaluated in HPLC assays.  

The results presented here illustrate that a large number of pentapeptide sequences 

are substrates for FTase. The list of those sequences includes motifs present on the C-

termini of bonafide mammalian proteins including Transcription elongation factor A 
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protein 3 (CSLMQ), Xaa-Pro aminopeptidase 3 (CSQAS), and Beta-1,4 N-

acetylgalactosaminyltransferase 1 (CMTSQ). While the data reported herein does not 

establish that those proteins are in fact farnesylated in vivo, the results imply that they could 

be. This in turn suggests that the number of farnesylated proteins within cells may be larger 

than previously thought. As a final point, it should be noted that the workflow presented 

here could be applied to other post-translational modifications including lipidation, 

glycosylation and others where a significant mass increase occurs. It is likely possible to 

achieve a similar observation by ESI, however the presence of multiply charged species 

and various salt adducts complicates the analysis of these complex mixtures. While 

MALDI-based screening has its limitations as a quantitative tool, it is particularly well 

suited to the type of experiments reported here where post-translational modification is 

accompanied by a significant mass shift.  

 

2.5. Conclusions 

Our work expands the understanding of what sequences can be prenylated by FTase, 

specifically the recently discovered pentapeptide CaaaX sequences. We have validated a 

MALDI-based peptide library approach as an excellent way to screen peptide chemical 

space for novel enzyme substrates. We have identified novel sequences based on libraries 

from a known substrate, as well as some from the human genome. This work has potentially 

important implications for the prenylation of these extended sequences in human health. 
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2.6. Methods 

2.6.1 Library Synthesis  

Peptide libraries were synthesized using Fmoc based solid-phase peptide synthesis (SPPS) 

on a Gyros Protein Technologies PS3® peptide synthesizer using four equivalents of 

Fmoc-protected amino acids from Aldrich®, Novabiochem® and P3 Biosystems and 

Fmoc-AA-Wang resins from P3 Biosystems. A one-pot synthesis of 10 amino acids per 

library was performed at the “X” position, varying the ratio of amino acids to account for 

coupling efficiencies.[102] Dansylglycine (DsG) was then coupled manually, using a 

twofold molar excess, reacting for 4-6 h. Following synthesis, peptides were cleaved from 

resin for 2 h with 5 mL reagent K (82.5% trifluoroacetic acid (TFA), 5% thioanisole, 5% 

phenol, 2.5% 1,2-ethanedithiol, and 5% H2O, v/v) cleavage cocktail per 0.1 mmol of resin. 

Peptides were precipitated by draining the cleavage cocktail into 40 mL Et2O cooled in an 

isopropanol / dry ice bath for ~10 min, centrifuging until pelleted, decanting the Et2O layer, 

and repeating once to wash the residual cleavage cocktail from the crude peptide mixture. 

The peptides were then dissolved in 50:50 CH3CN/H2O containing 0.1% TFA. The total 

peptide concentration was determined by diluting in 1,4-dioxane and measuring the 

absorptivity at 338 nm using a Cary 50 Bio UV-Visible spectrophotometer, using beer-

lambert’s law in conjunction with dansylglycine’s molar extinction coefficient (4300 cm-1 

M-1). Individual peptide hits were synthesized using similar conditions. 

 

2.6.2. Enzymatic Farnesylation of Peptide Libraries 
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 Enzymatic farnesylation of peptide libraries was performed by incubating FTase from S. 

cerevisiae (yFTase) in a reaction buffer that contained 20 μM total peptide, 40 μM FPP, 50 

mM Tris-HCl pH 7.5, 10 μM ZnCl2, 5 mM MgCl2, 1 mM DTT in H2O. Reactions were 

allowed to proceed for 5 h at 37° C. Upon completion, the samples were desalted using a 

Plus long Sep-Pak reverse-phase C18 environmental cartridge from Waters Corporation 

(WAT023635, length 3cm, diameter 1 cm). Sep-Paks were primed by washing with 3 mL 

Buffer B (CH3CN with 0.1% TFA) and equilibrated with 3 mL Buffer A (H2O with 0.1% 

TFA). The sample was then loaded, washed with 2 mL each of 100% Buffer A, 10% Buffer 

B in Buffer A, and 20% Buffer B in Buffer A, and then eluted with 2 mL Buffer B. Samples 

were immediately spotted on a MALDI plate or stored at -80 °C. Control libraries were 

prepared under identical conditions, without the addition of FTase.  

 

2.6.3. MALDI-TOF MS of Farnesylated Peptide libraries  

Samples eluted from the Sep-Pak columns (0.5 μL) were cospotted with 0.5 μL of 10 

mg/mL α-cyano-4-hydroxycinnamic acid (CHCA) matrix in 50:50 Buffer A: Buffer B on 

an AB Sciex 384 Opti TOF plate. The typical spotting procedure involved spotting the 

matrix first, then immediately spotting the sample on top of the matrix, rapidly pipetting 

up and down to mix. Samples were then analyzed with an AB-Sciex 5800 13 MALDI/TOF 

mass spectrometer using the reflector positive mode. A laser intensity of ~4000-5000 was 

applied, with a pulse rate of 400 Hz. Laser intensity was increased in increments of 200 if 

signal was not readily apparent. 4000 laser shots were applied per spectrum, and the entire 

spot surface was sampled.  
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2.6.4. HPLC based Enzymatic Farnesylation Assay 

Enzymatic farnesylation reactions with purified peptides were performed by incubating 

FTase from S. cerevisiae (yFTase) or R. norvegicus (rFTase) in a reaction buffer that 

contained 2.4 μM peptide, 10 μM FPP, 50 mM Tris-HCl pH 7.5, 10 μM ZnCl2, 5 mM 

MgCl2, 1 mM DTT in H2O.[103,104] Reactions with yFTase were at rt for 30 min, 

reactions with rFTase were run at 35 C for 45 min. The reactions were flash frozen to stop 

enzymatic activity, and 200 uL aliquots were injected onto an Agilent 1100 HPLC 

instrument equipped with an FLD detector and a Phenomenex Luna 5-micron C18 100 Å 

pore size 250 x 4.60 mm 5 micron analytical column. Fluorescence of the dansylated 

peptides was monitored with an excitation of 220 nm and an emission of 495 nm with a 

PMT gain of 12. All reactions were run in triplicate. The extent of peptide farnesylation 

was quantified by integration of the starting material peak from the HPLC chromatogram. 

The identity of the starting peptides and farnesylated products were confirmed by LC-

MS/MS analysis using a ThermoFischer LTQ Orbitrap Velos instrument. 

 

2.6.5. Peptide search of the human proteome 

The scanProsite tool of Expasy was used to scan the uniprotKB for known protein 

sequences that contain a potential pentapeptide CaaaX sequence 

(https://prosite.expasy.org/scanprosite/). The search was limited to C-terminal sequences 

representative of some of our best peptide hits; the queries searched were CSXXX, 
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CXXXQ, and CXXXS, where any amino acids were allowed in the varied X positions. The 

scan was performed as a motif search against the UniProtKB, including isoforms. Results 

were then filtered to only show sequences specific to the human proteome (H. sapiens). 

 

2.6.6. Yeast strains and plasmids 

The yeast strains used in this study have been previously described (Table A5).[46] Yeast 

strains were propagated at rt in either YPD or appropriate selective media when plasmid 

transformed. Introduction of plasmids into yeast strains was accomplished via a lithium 

acetate-based transformation procedure.[105] Several of the plasmids used in this study 

have also been previously described (Table A6). Others were created in vivo by 

recombinational cloning using similar methods. In brief, yeast cells were co-transformed 

by the lithium acetate-based procedure with DNA fragments derived from a NheI and AflII 

restriction digest of parent plasmid pWS1132 and a DNA fragment encoding the desired 

CaaaX sequence that was created by PCR using a high-fidelity polymerase. The PCR 

product encoding the CaaaX sequence was flanked by 5´ and 3´ sequences that were 

identical to regions of the parent plasmid to facilitate homologous recombination to repair 

the gapped parent plasmid. Candidate plasmids were recovered from yeast, transformed 

into and amplified in E. coli, and evaluated by restriction digest and commercial DNA 

sequencing to confirm the presence of the desired YDJ1-CaaaX open reading frame. 

 

2.6.7. Mobility shift analysis of Ydj1p farnesylation 
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Whole cell lysates of late-log yeast were prepared as previously described, separated by 

large format (19.5x16 mm) SDS-PAGE (9.5%), transferred onto nitrocellulose, and blots 

incubated with rabbit anti-Ydj1p primary antibody (courtesy of Dr. Avrom Caplan) and 

HRP-conjugated goat anti-rabbit secondary antibody (Kindle Biosciences, Greenwich, 

CT).[106] After development of blots with the WesternBright TM ECL-spray (Advansta, 

San Jose, CA), protein bands were detected using a KwikQuant Imager at multiple 

exposure times. Levels of farnesylation were quantified from KwikQuant images using 

ImageJ software for at least 2 technical replicates. 
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Chapter 3: MALDI Analysis of Peptide Libraries for Farnesyltransferase: Pushing 

Toward Prenylation of Pentapeptide Sequences in the Human Genome 

 

3.1. Introduction 

Protein prenylation is a post-translational modification in which a hydrophobic isoprenoid 

group is covalently attached to the thiol side chain of a cysteine residue located near the C-

terminus of a protein. Farnesyltransferase (FTase) transfers a 15-carbon farnesyl group 

using FPP while Geranylgeranyltransferase (GGTase-I) employs a 20-carbon GGPP prenyl 

donor [94].  These enzymes recognize proteins with a C-terminal tetrapeptide consensus 

sequence known as a “CaaX box”. In the canonical view of prenyltransferase selectivity,  

“C” is the cysteine residue that is covalently modified, “a” is usually an aliphatic amino 

acid, and the “X” is a residue that is largely responsible for determining whether the protein 

substrate is targeted by FTase or GGTase-I [1]. Protein prenylation is essential for proper 

cellular localization, protein-protein interactions and signaling activity, and misregulation 

of prenylation is implicated in many diseases [5,95]. In addition to cancer, prenylation and 

the prenylation pathway have drawn considerable attention as potential targets for 

treatment of Alzheimer’s disease, Hutchinson−Gilford progeria syndrome, and numerous 

other diseases [11–15]. In 2020, the first FDA approved inhibitor of FTase, lonafarnib, 

initially designed as a potential cancer drug, was approved for the treatment of progeria 

since it prevents the prenylation of prelamin A [16,17]. Another inhibitor, Tipifarnib, has 

long been under investigation for cancer therapy and is still under investigation in clinical 

trials for head and neck squamous cell cancers driven by H-RAS mutations [107,108]. 
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FTase manifests broad substrate specificity, catalyzing the transfer of a farnesyl 

group from Farnesyl Pyrophosphate (FPP) to a wide variety of protein and peptide 

substrates, and many attempts have been made to define what amino acids are allowed or 

not allowed in the CaaX sequence [18,29].  Interestingly, it has been found that while CaaX 

binding largely occurs through the binding of the X amino acid, there is synergy between 

the amino acids that affects their efficiency as substrates [23,33]. The flexibility of the 

peptide binding site has been used in the rational design of novel mutant FTases for 

orthogonal peptide reactivity and to enhance the ability to accept fluorescent isoprenoid 

analogs [42,43,62]. While the canonical model of the CaaX box is generally well 

understood, it has recently been found that certain sequences other than the four-residue 

CaaX motif can also be farnesylated by both yeast and mammalian FTase orthologs, 

specifically both tripeptides and pentapeptides [44,46]. The prenylation of pentapeptide 

CaaaX sequences was first observed in yeast, and initial evaluation of CaaaX substrate 

space found the sequence CMIIM to be the most efficiently farnesylated for the CaaaX 

sequence, with in vitro assays indicating that this peptide was a reasonable substrate 

(kcat/KM = 1.9 x 104 M-1s-1), although less efficient compared with the most efficient CaaX 

peptides such as CVLS (kcat/KM = 2.0 x 105 M-1s-1) [44]. None of these peptides were found 

to be substrates for GGTase-I. 

Due to the past three decades of research, the selectivity rules for CaaX containing peptides 

have become increasingly well defined. However, there are many questions remaining 

about how this information might apply to pentapeptide CaaaX sequences, since it is 
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known that the FTase from different organisms display different preferences for peptide 

substrates [36]. Previous work in our lab and others have relied on the analysis of peptide 

libraries through the use of an alkyne-containing isoprenoid analogue to allow for biotin 

attachment by derivatizing with biotin-azide via copper-catalyzed azide−alkyne 

cycloaddition. [36] Since that approach relies on synthetic isoprenoid analogues that may 

perturb enzyme specificity, it may provide misleading results concerning the specificity 

with the native substrate FPP. This may be particularly problematic since the isoprenoid 

and peptide substrates are known to extensively interact over a broad surface as evidenced 

from the structure of the FTase ternary complex. In an effort to study peptide libraries with 

the native FPP substrate, we have recently utilized a MALDI-MS based detection assay. 

Peptide libraries were synthesized with a DansylGlycine (DsG) and RAG sequence 

upstream of the variable CaaaX sequence to aid in solubility and ionization [45]. This 

method relied on the 204 Dalton mass shift due to the addition of the farnesyl group to 

easily observe the formation of prenylated product peptides. The gentle ionization of 

MALDI resulted in clear results by producing singly charged ions without fragmentation, 

making it highly amenable in for the analysis of peptide libraries [96,97]. We utilized this 

peptide library approach to study variations of the most efficiently prenylated CaaaX 

sequence, CMIIM, using yFTase. Over 30 new prenylated sequences were observed using 

that approach and validation of eight of these sequences in a yeast-based reporter assay 

showed that they were prenylated in vivo. In addition, a curated search of the human 

genome revealed that there may be many potentially prenylatable CaaaX sequences. 

Analysis of one such sequence, CSLMQ, showed that it was prenylated as efficiently as 

the sequence CVLS, the CaaX box present at the C-terminus of H-Ras, and was also 
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prenylated in vivo. To expand our understanding of the recognition of CaaaX sequences, 

we have analyzed CMIIM libraries with rFTase, as well as generated and tested a new set 

of libraries based on CSLMQ with both yeast and rat FTase. In addition, we have looked 

more broadly by evaluating approximately xxx CaaaX sequences that occur naturally in 

the human genome. 

3.2. Research Objectives 

In this work, we sought to expand our understanding of extended pentapeptide CaaaX 

sequence prenylation by analyzing previously described libraries based on the sequence 

CMIIM with a mammalian enzyme, rat FTase. Libraries based on a previously discovered 

efficient sequence, CSLMQ, were also synthesized and analyzed with both yeast and rat 

FTase to explore the recognition diversity within that different class sequences in 

comparison to previous CMIIM libraries. A search of the human genome revealed that 

there are over 1000 pentapeptide CaaaX sequences. 

3.3. Results 

3.3.1. Identification of novel substrates from the CMIIM motif using MALDI analysis 

Utilizing our previously described method of evaluating peptide libraries by MALDI/MS, 

libraries based on CMIIM were analyzed with rFTase as a comparison to yFTase [45]. 

Using 2 µM enzyme, it was possible to observe a number of hits for the library CMXIM 

where X represents the variable position. Positive hits in this position included Gly, Met, 

Cys, Asn, Ser, Gln, His, Arg, and Tyr, with those in bold being shared between libraries 

analyzed using yFTase or rFTase (Figure 3.1). Of the shared hits, the data was normalized 
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by dividing the ionization of the prenylated peak by the combined ionization of the parent 

ion and product (Table 3.1).  

 

Figure 3.1. Farnesylation of DsGRAGCMXIM library 1. 

Library 1 (A) before and (B) after farnesylation with 2 µM rFTase at 35° C for eight hours. 

The identity of the residue in the X position is indicated with the letter above each peak. X 

= G, S, V, C, N, I, K, M, F, and Y. 

Differences were observed in the prenylation levels of the peptides present in these 

libraries, with some amino acids such as Gly being preferred by rFTase and His being 

preferred by yFTase. Amino acids such as Gln appear to be prenylated equally by both 

enzymes. While this quantitative analysis should be interpreted with caution due to 

differences in the ionization efficiency of the product versus reactant, it can provide a 

useful metric to estimate efficiency of substrates between different enzymes.  

Table 3.1. Normalization of hits from DsGRAGCMa2IM 1 library shared between 

yFTase and rFTase 

Amino Acid rFTase yFTase rFTase:yFTase 

Gly 0.72 0.29 2.5 

Ser 0.66 0.46 1.4 

Asn 0.55 0.38 1.4 

Gln 0.49 0.48 1.0 

His 0.31 0.63 0.49 
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Interestingly, analysis of the other three positions in the CMIIM-based libraries yielded no 

prenylated peptides at this enzyme concentration. While the rat enzyme is more stringent 

in its substrate specificity than the yeast enzyme, this is surprising as it was possible to find 

hits at all positions using yFTase[36]. However, increasing the concentration of enzyme to 

10 µM rFTase afforded some prenylated peaks, although the peak intensities were quite 

low compared to earlier results with the DsGRAGCMa2IM libraries (Table 3.2). This is in 

contrast to libraries analyzed using yFTase, where increasing the concentration of enzyme 

did not significantly increase peak intensity. It is somewhat difficult to interpret these latter 

results since those experiments required higher enzyme concentrations, but it is clear that 

rFTase has the most flexibility for the a2 position. While canonical hits such as Gln, Met, 

and Ser were observed at the X position, it is interesting that none were observed at lower 

enzyme concentrations, as this is the residue considered most important for substrate 

binding[33]. Finally, it was surprising that screening of the a1 position yielded only Val as 

a hit. In general, tetrapeptide sequences have shown a similar number of hits for the 

aliphatic positions, and previous analysis showed this trend continued to pentapeptides 

when analyzed with yFTase (Table 3.3). Therefore, it is striking that such differences in 

reactivity between the aliphatic positions are observed when using rFTase. While substrate 

inhibition is certainly a possibility, it is difficult to use this as the reasoning behind our 

results.  

Next several of the peptide hits were validated using a previously described HPLC-based 

fluorescence assay. Prenylation of peptides containing CMGIM, CMNIM, and CMSIM 
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sequences was observed in 45 min reactions with 200 nM rFTase giving conversions of 

50%, 41%, and 31% respectively. This agrees with the conversion levels previously found 

with rFTase, although nothing stood out as a more efficient substrate than CMIIM for 

rFTase. 

 

Table 3.2. Summary of peptides observed in CMIIM MALDI/MS libraries using 

rFTase at 10µM.   

 

Library Sequence Observed Amino Acid Hits 

Ca1IIM V 

CMa2IM
a G, S, N, Q, H, C, M, Y, R 

CMIa3M S, V, C, N, M, A, L, Q, E, H 

CMIIX Q, H, S, C, N, M, F, A, E 
aThese libraries showed conversion at 2uM, while all others had no prenylation at this 

concentration. Reactions were run at 35° C for 8 hours. Peptides were synthesized and 

tested with a DsGRAG sequence upstream of the CaaaX box. 

 

Table 3.3. Summary of peptides observed in CMIIM MALDI/MS libraries using 

yFTase at 2 µM.    

 

Library Sequence Observed Amino Acid Hits 

Ca1IIM S, C, M, F, Y, A, P, Q, E, H 

CMa2IM
a G, S, N, K, Q, E, H, R 

CMIa3M
a G, N, M, A, T, L, Q, E, H 

CMIIX S, C, K, A, Q, M 
aFarnesylated isoleucine (I was present in the parent sequence CMIIM) was also observed 

in this library but with a signal to noise ratio of less than 10 and hence was not included in 

this tabulated data. Reactions were run at 35° C for 8 hours. Peptides were synthesized and 

tested with a DsGRAG sequence upstream of the CaaaX box. 
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3.3.2.  Identification of novel substrates from the CSLMQ motif using MALDI 

analysis 

Based on previous results showing that CSLMQ appeared to be a more efficient substrate 

than CMIIM, we next explored libraries based on that sequence [45].  Initially, examination 

of the libraries using 1 µM yFTase showed different trends than were observed with the 

CMIIM libraries (Table 3.4). In the case of CMIIM-based libraries, they contained a variety 

of hits at all positions (a1, a2, a3 and X), In contrast, with CSLMQ-based libraries, only 

two hits at the a1 and X positions and four at the a3 position were obtained. This tighter 

selectivity is interesting, as it might be expected that the generally more flexible yFTase 

might reveal more hits. The position with the most allowed amino acids was the a2 position, 

which is also what was observed with the CMIIM libraries with rFTase. Normally, bulky 

aromatic amino acids in the aliphatic region are not favored, but Tyr and Phe have been 

consistently observed in our libraries, with even the conformationally restrained Pro 

appearing as a hit (Figures A15 and A16).   

Table 3.4. Summary of peptides observed in CSLMQ MALDI/MS libraries using 

yFTase at 1 µM. a    

 

Library Sequence 
Observed Amino Acid 

Hits 

Ca1LMQ S, V 

CSa2MQ 
G, S, N, Q, H, C, M, Y, R, 

F, L, D, E, P, A 

CSLa3Q A, T, Q, M 

CSLMX N, Q 
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aReactions were run at 35° C for 8 hours. Peptides were synthesized and tested with a 

DsGRAG sequence upstream of the CaaaX box. 

 

Reacting CSLMQ libraries in the presence of rFTase yielded results indicating a surprising 

number of hits at all positions except a1, which only showed Ile as a hit (Table 3.5). Given 

that the yFTase is more lenient in its selectivity for tetrapeptide CaaX sequences compared 

with the rFTase, the greater number of hits obtained using the rat enzyme with these 

pentapeptide libraries is surprising. Positive hits included a variety of canonical amino 

acids and more unusual aromatic residues, including Trp in the a3 position. The X position 

also showed hits for charged amino acids including Asp and Glu, which are typically 

associated with single turnover reactions, although that is unlikely here given the enzyme 

to peptide ratio employed and the large number of peptides hits observed in that library 

reaction Figures (A17-A23). 

Table 3.5. Summary of peptides observed in CSLMQ MALDI/MS libraries using 

rFTase at 1 µM. a    

 

Library Sequence 
Observed Amino Acid 

Hits 

Ca1LMQ I 

CSa2MQ G, S, N, C, M, Y, F, V 

CSLa3Q 
G, S, V, C, I, M, F, Y, A, 

T, L, D, Q, H, W 

CSLMX 
S, C, D, M, F, Y, A, T, N, 

Q, E 
aReactions were run at 35° C for 8 hours. Peptides were synthesized and tested with a 

DsGRAG sequence upstream of the CaaaX box. 
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3.3.3.  CaaaX hits in the mammalian genome  

To identify additional pentapeptide sequences that might be FTase substrates, a search of 

the human genome was performed using the search motif CXXXX where any amino acids 

were allowed in the varied X positions, finding over 1000 potentially prenylated peptides 

as previously described [44]. From that list, 192 of those peptides were chosen by removing 

sequences that had multiple charged residues, multiple conformationally challenging 

residues (Gly and Pro), or one of each from the aforementioned categories. This parallel 

synthesis effort employed an Intavis Multipep RS instrument, allowing for the synthesis of 

24 peptides at a time on a 10 µmol resin scale using standard HCTU coupling chemistry.  

This is in contrast to standard SPPS scale which is usually on the order of 0.1-0.2 mM. 

These peptides were cleaved and reacted in crude form with 2 µM rFTase. Analysis of 

these peptides revealed a small number of hits. Of the 192 tested, only seven positive 

sequences (CITTL, CVHAL, CQTLI, CRFVT, CHSIA, CTSEI, CYLVK) were obtained. 

Efforts to validate these sequences in HPLC assays are underway. Interestingly, one 

sequence, CSLQQ, identified from a library based on CSLMQ that was found to be a 

substrate using both the rat and yeast FTase enzymes, appeared in the human genome 

search as well.  

 

 

3.4. Discussion 
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This work describes the continued evaluation of pentapeptide CaaaX sequences using a 

previously utilized workflow employing focused libraries based on CaaaX sequences of 

interest. Libraries containing 10 sequences, chosen to eliminate isobaric overlap, obtained 

by randomizing a synthetic peptide at a single position were enzymatically farnesylated 

and evaluated by MALDI/MS. Libraries based on CMIIM, a sequence previously 

discovered and analyzed with the yeast enzyme and in whole yeast cell assays, were further 

investigated utilizing rFTase, a homolog more relevant to human health (and less flexible 

in terms of substrate specificity) to evaluate differences between the two. Libraries based 

on CSLMQ, a pentapeptide that exists on the C terminus of the human protein 

Transcription elongation factor A protein 3, were also analyzed with both yFTase and 

rFTase. Although it is unknown whether this protein is prenylated in vivo, our previous 

work and additional results presented here suggest it may be possible. To expand the 

repertoire of possible pentapeptide prenylation substrates, parallel synthesis coupled with 

MALDI-MS analysis allowed the evaluation of 192 CXXXX sequences from the human 

genome. 

In analyzing the results from the CMIIM libraries reacted with rFTase at 2 µM enzyme, 

only variants at the a2 position showed prenylated products. This is in contrast to our 

previous findings using yFTase where there were hits at all four variable positions with the 

most at the a1 position, likely due to the fact that it is furthest away from the C-terminal X 

residue which is involved in the critical binding interactions. Increasing the concentration 

to 10 µM resulted in additional reactivity. Interestingly, the a1 position was still the least 

permissive to change with only one hit, Val. While this is a canonical amino acid for this 
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position (in a tetrapeptide CaaX context), it is noteworthy that this position was found to 

have the most hits when CMIIM-based libraries were analyzed with yFTase. The X 

position showed a wider variety of substitutions using rFTase compared with yFTase, 

although a much higher concentration of enzyme was required. Canonical hits including 

Gln, Ser, Cys, Met, and Ala, and more unusual ones such as His, Asn, Phe, and Glu were 

observed in that case. These additional hits indicate rFTase has more flexibility for these 

extended sequences at the X position. 

When analyzing the results with the CSLMQ libraries, we again found numerous 

differences occurring when using yeast versus rat FTase. To our surprise, the normally 

more flexible yFTase yielded fewer hits than rFTase, most notably in the X position. The 

yFTase results showed that only Asn and Gln were tolerated in the X position, while rFTase 

gave a mix of canonical and noncanonical hits, similar to the results from the CMIIM 

libraries. Interestingly, both enzymes displayed very low tolerance to amino acid 

substitutions in the a1 position, in stark contrast to how yFTase behaves with CMIIM 

libraries. This highlights the importance of studying enzymes from different organisms and 

the use of multiple libraries, as a high number of hits at the a1 position appears to be an 

aberration instead of the rule. The a2 position is the most variable across all libraries with 

both enzymes showing a wide range of hits in each experiment. The a3 position for CSLMQ 

libraries with yFTase showed several canonical hits, while it had the highest number of hits 

(15) for rFTase. 
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Analysis of the human genome for sequences of the type CXXXX identified over 1000 

results. We were able to test 192 of them by utilizing parallel synthesis and evaluating 

crude peptide material via MALDI-MS analysis. Of the 192, only CITTL, CVHAL, 

CQTLI, CRFVT, CHSIA, CTSEI, CYLVK displayed any reactivity. In analyzing the 

human genome for specific sequences of the types CXLMQ, CSXMQ, CSLXQ, and 

CSLMX, it was found that one hit beyond the parent (CSLMQ), CSLQQ, exists on C-

terminus of the protein Ribosome biogenesis protein C1orf109. Excitingly, this sequence 

was one of the many hits discovered using both the yeast and rat enzymes. When CSLMQ 

was first analyzed, it was found to be an efficient substrate for both rat and yeast FTase, as 

well as was the only sequence from the human genome we previously tested to be 

efficiently prenylated in whole yeast. While the libraries based on CSLMQ gave a large 

number of results, it is possible this is another potentially prenylated CaaaX sequence in 

humans. 

 

3.5. Conclusions 

The work reported here further expands the understanding of what sequences can be 

prenylated by FTase and continues to elucidate the differences in specificity between 

yFTase and rFTase with regards to these extended sequences. The use of peptide libraries 

based on a previously validated pentapeptide sequence has led to the discovery of 

numerous, previously unidentified, peptide substrates. Analysis of the human genome 

reveals that there are a large number of potentially extended sequences that may have the 
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capacity to be prenylated. This work has potentially important implications for the 

prenylation of these extended sequences in a biological setting. 

3.6. Methods 

3.6.1 Library Synthesis  

Peptide libraries were synthesized using Fmoc-based solid-phase peptide synthesis (SPPS) 

employing a Gyros Protein Technologies PS3® peptide synthesizer using four equivalents 

of Fmoc-protected amino acids from Aldrich®, Novabiochem® and P3 Biosystems and 

Fmoc-AA-Wang resins from P3 Biosystems. HCTU was used as the coupling reagent (0.4 

mM) and 0.8 M DIEA was used as the base. A one-pot synthesis of 10 amino acids per 

library was performed at the “X” position. Dansylglycine (DsG) was then coupled 

manually, using a twofold molar excess, reacting for 4-6 h. Following synthesis, peptides 

were cleaved from resin for 2 h with 5 mL reagent K (82.5% trifluoroacetic acid (TFA), 

5% thioanisole, 5% phenol, 2.5% 1,2-ethanedithiol, and 5% H2O, v/v) cleavage cocktail 

per 0.1 mmol of resin. Peptides were precipitated by draining the cleavage cocktail into 40 

mL Et2O cooled in an isopropanol / dry ice bath for ~10 min, centrifuging until pelleted, 

decanting the Et2O layer, and repeating once to remove any residual cleavage cocktail from 

the crude peptide mixture. The peptides were then dissolved in 50:50 CH3CN/H2O 

containing 0.1% TFA. The total peptide concentration was determined by diluting in 1,4-

dioxane and measuring the absorptivity at 338 nm using a Cary 50 Bio UV-Visible 

spectrophotometer, using the Beer-Lambert law in conjunction with dansylglycine’s molar 

extinction coefficient (4300 cm-1 M-1). Individual peptide hits were synthesized using 

similar conditions. 
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3.6.2. Enzymatic Farnesylation of Peptides 

Enzymatic farnesylation of peptide libraries was performed by incubating FTase from S. 

cerevisiae (yFTase) or R. norvegicus (rFTase) in a reaction buffer that contained 20 μM 

total peptide, 40 μM FPP, 50 mM Tris-HCl pH 7.5, 10 μM ZnCl2, 5 mM MgCl2, 1 mM 

DTT in H2O. Reactions were allowed to proceed for 5 h at 37° C. Upon completion, the 

samples were desalted using a Plus long Sep-Pak reverse-phase C18 environmental 

cartridge from Waters Corporation (WAT023635, length 3 cm, 1 cm diameter). Sep-Paks 

were primed by washing with 3 mL Buffer B (CH3CN with 0.1% TFA) and equilibrated 

with 3 mL Buffer A (H2O with 0.1% TFA). The sample was then loaded, washed with 2 

mL each of 100% Buffer A, 10% Buffer B in Buffer A, and 20% Buffer B in Buffer A, and 

then eluted with 2 mL Buffer B. Samples were immediately spotted on a MALDI plate or 

stored at -80 °C. Control libraries were prepared under identical conditions, without the 

addition of FTase.  

 

3.6.3. MALDI-TOF MS of Farnesylated Peptide libraries  

Samples eluted from the Sep-Pak columns (0.5 μL) were cospotted with 0.5 μL of 10 

mg/mL α-cyano-4-hydroxycinnamic acid (CHCA) matrix dissolved in 50:50 Buffer A: 

Buffer B on an AB Sciex 384 Opti TOF plate. The typical spotting procedure involved 

spotting the matrix first, then immediately spotting the sample on top of the matrix, rapidly 

pipetting up and down to mix. Samples were then analyzed with an AB-Sciex 5800 13 
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MALDI/TOF mass spectrometer using the reflector positive mode. A laser intensity of 

~4000-5000 was applied, with a pulse rate of 400 Hz. Laser intensity was increased in 

increments of 200 if signal was not readily apparent. 4000 laser shots were applied per 

spectrum, and the entire spot surface was sampled.  

 

3.6.4. HPLC based Enzymatic Farnesylation Assay 

Enzymatic farnesylation reactions with purified peptides were performed by incubating 

FTase from S. cerevisiae (yFTase) or R. norvegicus (rFTase) in a reaction buffer that 

contained 2.4 μM peptide, 10 μM FPP, 50 mM Tris-HCl pH 7.5, 10 μM ZnCl2, 5 mM 

MgCl2, 1 mM DTT in H2O.[103,104] Reactions with yFTase were at rt for 30 min, 

reactions with rFTase were run at 35 C °C for 45 min. The reactions were flash frozen to 

stop enzymatic activity, and 200 uL aliquots were injected onto an Agilent 1100 HPLC 

instrument equipped with an FLD detector and a Phenomenex Luna 5-micron C18 100 Å 

pore size 250 x 4.60 mm, 5 µm analytical column. Fluorescence of the dansylated peptides 

was monitored with an excitation of 220 nm and an emission of 495 nm with a PMT gain 

of 12. All reactions were run in triplicate. The extent of peptide farnesylation was 

quantified by integration of the starting material peak from the HPLC chromatogram.  

 

3.6.5. Peptide search of the human proteome 

The scanProsite tool of Expasy was used to scan the uniprotKB for known protein 

sequences that contain a potential pentapeptide CaaaX sequence 
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(https://prosite.expasy.org/scanprosite/). The search was limited to C-terminal sequences 

CXXXX, where any amino acids were allowed in the varied X positions. The scan was 

performed as a motif search against the UniProtKB, including isoforms. Results were then 

filtered to only show sequences specific to the human proteome (H. sapiens). Further 

filtering was performed to remove sequences that had multiple charged residues, multiple 

conformationally challenging residues (Gly and Pro), or one of each from the 

aforementioned categories. 

3.6.6 Synthesis of Peptide Hits from the Human Genome 

Peptides were synthesized using Fmoc based solid-phase peptide synthesis (SPPS) using 

an Intavis MultiPep RS® peptide synthesizer using four equivalents of Fmoc-protected 

amino acids from Aldrich®, Novabiochem® and P3 Biosystems and Fmoc-AA-Wang 

resins from P3 Biosystems. Coupling was performed with standard HCTU coupling 

procedures, (0.4 mM) and 0.8 M DIEA was used as the base. with Dansylglycine being 

allowed to react for an extended 4 h time. Following synthesis, peptides were cleaved from 

resin for 2 h with 5 mL reagent K (82.5% trifluoroacetic acid (TFA), 5% thioanisole, 5% 

phenol, 2.5% 1,2-ethanedithiol, and 5% H2O, v/v) cleavage cocktail per 0.1 mmol of resin. 

Peptides were precipitated by draining the cleavage cocktail into 40 mL Et2O cooled in an 

isopropanol / dry ice bath for ~10 min, centrifuging until pelleted, decanting the Et2O layer, 

and repeating once to wash the residual cleavage cocktail from the crude peptide mixture. 

The crude peptides were then dissolved in 50:50 CH3CN/H2O containing 0.1% TFA and 

evaluated by enzymatic reaction and MALDI analysis as described above. 
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Chapter 4: A Farnesyltransferase Mutant Displaying Dual Substrate Orthogonality 

with Application for Enzymatic Labeling 

4.1 Introduction 

The site-specific modification of proteins is of great interest in many areas, including 

therapeutics and biotechnology. The enzymatic labeling of proteins is known to increase 

their pharmacokinetic properties, and has been found useful for proteins ranging in size 

from interferon to antibodies[27,109–112]. In biotechnology, labeling applications include 

biosensors, support materials, and microarrays[113–115]. Despite the wide range of 

applications, this is still a challenging and growing area of interest[116,117]. Enzymatic 

labeling involves the attachment of a small functional tag, which can then be used as a 

fluorescent reporter or for a variety of reactions[1]. Such an approach is particularly useful 

since potentially any synthetic chemical moiety can be attached. This is in contrast to a 

genetic labeling strategy such as incorporating GFP or another fluorescent protein, to the  

protein of interest [118]. There have been many proteins used for enzymatic labeling, 

including Formylglycine generating enzyme, Sortase A, Biotin ligase, and 

Farnesyltransferase[119,120]. 

Farnesyltransferase (FTase), a member of the prenyltransferase family, catalyzes 

farnesylation, a post-translational modification which involves the covalent attachment of 

a hydrophobic 15-carbon isoprenoid group (FPP) to the thiol side chain of a cysteine 

residue located near the C-terminus of a protein [94].  This enzyme recognize proteins with 

a C-terminal tetrapeptide consensus sequence known as a “CaaX box”, where “C” is the 

cysteine residue that is covalently modified, “a” is usually an aliphatic amino acid, and the 
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“X” is a residue that is largely responsible for determining which prenyltransferase the 

protein is a substrate for.[1] FTase is somewhat unique in that it has high substrate 

flexibility for both its peptide substrates, as well as the isoprenoids it can transfer. There 

has been great interest in determining which amino acids are preferred or not preferred in 

the CaaX sequence, specifically at the a2 and X positions.[18,29] In addition, the flexibility 

of the isoprenoid binding site has been leveraged to transfer a variety of isoprenoids with 

many different handles for click chemistry, as well as biotin and fluorophores[1]. 

While enzymes are highly efficient catalysts, there has been great interest over the past 40 

years in altering the specificity and reactivity of enzymes through mutagenesis. This has 

been accomplished through a variety of techniques including site-directed mutagenesis as 

well as directed evolution, and has yielded many enzymes with altered substrate specificity, 

elevated catalytic activity, and reversed stereochemistry with applications in biosynthesis 

and pharmaceutical production[121,122]. These enzymes have been used in a variety of 

applications including biosynthesis of amino acids, production of antimicrobial drugs, and 

environmental remediation[123–125].  

The inherent flexibility of FTase has led our group and others to investigate what rational 

design can be done to alter the substrate specificity of FTase through site directed 

mutagenesis. While the isoprenoid binding pocket can accept a variety of isoprenoids, there 

was interest in creating a mutant that could transfer a bulky coumarin containing isoprenoid 

(CoumarinOPP) that had been previously used as a substrate for another enzyme in the 

isoprenoid biosynthesis pathway[61]. The isoprenoid binding site is filled with aromatic 
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residues, and it was found that the mutation Y205A allowed for efficient transfer of 

CoumarinOPP to a model protein with a CaaX box[62]. 

 

 The flexibility of the peptide binding site is in part due to the fact that the key interactions 

are the thiol chelating a zinc atom in the active site, as well as the carboxyterminus making 

a key hydrogen bond[53]. Variability in substrate binding is then affected by the 

hydrophobic nature of the amino acids. Rational design led to the creation of a mutant with 

a charged amino acid that could preferentially accept a charged residue at the a2 position, 

something that normally is not preferred.  It was found that the double mutant 

W102R/W106L was capable of efficiently transferring FPP to the charged CaaX box 

CVDS. We aspired to combine these mutants into a single enzyme (RLA mutant, named 

after the one letter amino acid code for the changed amino acids) which would retain the 

orthogonal chemistry of each individual mutant (Figure 4.1). A model of the coumarin 

probe docked in the RLA mutant active site can be seen in Figure 4.2   

4.2. Research Objectives 

In this work, we sought to evaluate the potential of combining two separate FTase mutants 

to create a mutant that had orthogonality in both the peptide and isoprenoid binding site. 

Our approach was to use fluorescence based HPLC assays to evaluate the activity and 

selectivity of the RLA mutant for the designed substrates of its two different mutation sets. 

We also employed a MALDI approach to search for an optimal substrate. We evaluated 

the enzyme for its selectivity for both native and charged substrates as well as FPP and 

CoumarinOPP in a variety of competition experiments.  
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Figure 4.1. Native prenylation and mutants of interest 

(A) The native prenylation reaction of CVLS with FPP and wtFTase. (B) Previously 

described mutants showing that Y205A allows for the transfer of CoumarinOPP and that 

W102R/W105L allows for FPP to be transferred to the charged peptide CVDS. (C) This 

work, which combines the mutations from B. 
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Figure 4.2. Docking of CoumarinOPP in FTase 

Model of the CoumarinOPP docked in the RLA mutant. The coumarin probe (green) is 

shown overlaid with the native FPP substrate (blue). The Y205A mutation that allows the 

extra space for the Coumarin OPP to bind is shown in pink. Residues near the coumarin 

are shown in yellow. Peptide substrates are omitted for clarity.  

 

 

4.3. Results 

4.3.1 Combining previous mutants produces an active enzyme with dual substrate 

orthogonality 

 

Initially, we sought to determine if combining the previous mutants yielded an enzyme that 

was both active and specific for the orthogonal reactions that each individual mutant 

catalyzed. Using a previously described continuous florescence assay, we were gratified to 
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find that the RLA mutant was able to transfer FPP to both a native and charged substrate. 

While the larger isoprenoid binding site allows for the transfer of CoumarinOPP, it still 

retains the ability to bind and transfer FPP. The enzyme retained a faster initial rate for the 

charged CVDS peptide (0.30µM/min) compared to the native CVLS peptide (.092µM/min) 

(Figure 4.3). We then looked to ascertain if the RLA mutant retained the ability to accept 

and transfer the CoumarinOPP, specifically to the charged CVDS peptide. Analysis of the 

enzymatic reaction of CoumarinOPP with CVDS indicates that within 45 minutes, the 

transfer of probe to the charged peptide had reached completion (Figure 4.4). These data 

allowed us to conclude that the combination of our two previous mutants was successful 

and retained the individual orthogonal reactions each was designed to catalyze.  

 

Figure 4.3. Fluorescence activity assay of triple mutant FTase with native and 

charged substrates 

Fluorescence trace of the enzymatic reaction of the RLA mutant with the peptide (A) CVLS 

or (B) CVDS with FPP. The initial rates are 0.092µM/min 0.30µM/min, respectively, 

indicating that there is faster turnover favoring the charged substrate.  
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Figure 4.4. CoumarinOPP can be effectively transferred to the peptide CVDS 

Enzymatic reaction buffer monitored at 220 nm (A) without enzyme and (B) with enzyme. 

Peptide is indicated by red arrow and confirmed by MS. The peptide has been completely 

converted to product. 

 

4.3.2 The triple mutant is selective for a charged peptide but still preferentially 

transfers FPP over CoumarinOPP 

For this enzyme to have applications in chemical biology and biotechnology, it would need 

to have some level of selectivity for its designed substrates. Analysis of a competition 

reaction of equal amounts of CVDS and CVLS with CoumarinOPP revealed a 3:1 

preference for the charged substrate (Figure 4.5). The data indicate that the RLA mutant is 

selective for the charged peptide when either FPP or CoumarinOPP is the isoprenoid 

substrate, as we would expect based on the enzyme’s design. Interestingly, when 

comparing the competition with a different CaaX sequence, CVIA, we found that the 

coumarinylated CVDS peptide was only observed in a trace amount, and there was no 

observed coumarinylated CVDA product, indicating that CVDA inhibits the enzyme 

(Figure 4.6). This is quite surprising, since although there are known peptides that inhibit 
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WT FTase, CVIA is a one of the most efficiently prenylated CaaX sequences in yeast[35]. 

While CVIA is one of the preferred substrates for yeast FTase, it can still be prenylated 

efficiently by wild type rat FTase[36]. Having determined that the mutant enzyme had 

retained a preference for the charged substrate, we investigated a competition between 

CoumarinOPP and FPP at a 10:1 ratio. We believe this to be an obtainable level in potential 

cell experiments by incubating cells with CoumarinOPP and reducing the native FPP 

concentrations through the use of statins[84]. Unfortunately, HPLC assays indicated that 

even at this ratio of the two substrates, the enzyme preferred to transfer FPP to CVDS by 

2:1, causing us to rethink our peptide substrate choice (Figure 4.7).  

 

Figure 4.5. Competition between charged CVDS peptide and native CVLS peptide 

 

A competition between equal amounts of CVDS and CVLS peptide shows that transfer of 

the CoumarinOPP is selective for CVDS. Integration of the 220 nm signal indicates a ratio 

of approximately 3:1 CVDS vs CVLS. (A) HPLC trace of competition experiment at 220 

and 325 nm. 220 nm is a general absorption wavelength, while absorption at 325 is specific 

to the Dansyl and Coumarin moieties (B) zoom in of relevant product peaks. 
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Figure 4.6. Competition between charged CVDS peptide and native CVIA peptide 

 

A competition between equal amounts of CVDS and CVIA peptides Indicates that there is 

no attachment of the CoumarinOPP probe to CVIA, and a highly limited transfer of 

CoumarinOPP to CVDS indicates inhibition of the enzyme. (A) HPLC trace of competition 

experiment at 220 and 325 nm (B) zoom in of relevant product peak. 

 

4.3.3 Optimization of the peptide substrate for CoumarinOPP 

 

We decided to utilize a MALDI-MS approach previously described by our lab to attempt 

to discover a charged peptide substrate to which the mutant enzyme would preferentially 

transfer CoumarinOPP over FPP[45]. We created a library of peptides of the sequence 

DsGRAGCVDX, where X is all 20 proteogenic amino acids, to determine an optimal 

substrate for CoumarinOPP. We focused our search on the C-terminal amino acid, as that 

position makes the key hydrogen bond in the WT protein-peptide binding, whereas the  
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Figure 4.7. Competition between CoumarinOPP and FPP for charged CVDS 

peptide 

 

A competition between 10:1 CoumarinOPP and FPP for the charged CVDS peptide. 

Integration of the 220 nm signal indicates that FPP is the preferred isoprenoid substrate by 

a ratio of 2:1 (A) HPLC trace of competition experiment at 220 and 325 nm (B) zoom in 

of relevant product peaks. 

 

had the greatest ionization, and Ser was in the middle of all observed products (Figure 4.8). 

When the same reaction was run with CoumarinOPP, the ionization pattern of the products 

was altered, as we would expect based on our CoumarinOPP vs FPP experiments. We 

observed that Ala in the X position displayed the greatest ionization (Figure 4.9). This was 

slightly surprising given that we had observed CVIA inhibit the transfer of CoumarinOPP, 

although in general alanine is known to create efficient CaaX boxes when in the X position. 

While the ionization of these modified peptides provides a qualitative readout of product 

formation, we decided to synthesize the peptide DsGRAGCVDA to determine if single 
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peptide in vitro assays would match the MALDI results. We were gratified to find that by 

changing from S to A, we were able to alter the selectivity of the mutant enzyme to prefer 

CoumarinOPP over FPP at a ratio of 2:1, further validating our MALDI assays and 

optimizing the peptide substrate for the mutant enzyme (Figure 4.10).  

 

Figure 4.8. MALDI-MS of a CVDX peptide library with FPP 

CVDX library before enzymatic reaction (A) and after reaction with FPP and triple mutant 

(B). Reactions were run with 2.4 µM peptide, 100 nM enzyme, and 10 µM FPP  

 

4.4. Discussion 

This work focuses on the analysis of an enzyme with dual orthogonality created by 

combining mutations from two previously rationally designed enzymes. The first of these 

sets of mutations alters the specificity of the peptide binding site by inserting an Arginine 

residue, bestowing preferential reactivity for a charged CaaX box, CVDS, over a native 

one such as CVLS. The second mutation increases the size of the isoprenoid binding site, 

allowing for the binding of a coumarin containing isoprenoid that is much bulkier than the 
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native FPP substrate. We were able to utilize an HPLC based assay to evaluate the retention 

of orthogonal reactivity for these combined mutations, utilizing 220 nm absorbance or  

 

 

Figure 4.9. MALDI-MS of a CVDX peptide library with CoumarinOPP 

CVDX library before enzymatic reaction (A) and after reaction with CoumarinOPP and 

triple mutant (B). The product ionization indicates that Ala in the X position might be a 

suitable substrate for CoumarinOPP. Reactions were run with 2.4 µM peptide, 100nM 

enzyme, and 10 µM CoumarinOPP. 

 

 



76 
 

Figure 4.10. Competition between CoumarinOPP and FPP for charged CVDA 

peptide 

 

A competition between 10:1 CoumarinOPP and FPP for the charged CVDA peptide. 

Integration of the 220 nm signal indicates that CoumarinOPP is now the preferred 

isoprenoid substrate by a ratio of 2:1 (A) HPLC trace of competition experiment at 220 and 

325 nm (B) zoom in of relevant product peaks. 

 

Coumarin fluorescence, as necessary. We found that while the peptides analyzed were very 

similar, they could still be separated in a reasonably short gradient. The prenylated products 

displayed a large shift in retention time, as expected, and the farnesylated and 

coumarinylated products were also separable. 

We were able to determine that the combination of previous mutations yielded an active 

enzyme that could transfer FPP to both a native and charged peptide. While the charged 

arginine in the active site provides a preference for a charged substrate, it does not occlude 

the binding of the native peptide. When analyzing the activity for the charged and native 

peptides, we found that the initial rate of the reaction was three times faster for the charged 

substrate over the native one. In addition, the reaction for the charged peptide reaches 

completion four times faster than its uncharged counterpart. This indicates that the addition 

of a larger isoprenoid binding site does not remove the enzyme’s preference for the charged 

substrate. We were also able to show that the CoumarinOPP could be efficiently transferred 

to the charged substrate, validating that the combination of individual mutations retained 

their desired orthogonal reactivities. 

In further analysis of the active mutant, we evaluated its reactivity when there was 

competition between native and charged substrates. Gratifyingly, the enzyme was able to 
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selectively transfer CoumarinOPP to the charged substrate, indicating that the preference 

for the charged substrate was retained regardless of the isoprenoid used. Unfortunately, 

while the larger isoprenoid binding site allows for the binding of the bulky CoumarinOPP, 

FPP is still bound very well and is selectively transferred, even when the amount of 

CoumarinOPP is in a 10:1 ratio to FPP. However, we were able to utilize a MALDI peptide 

library screen to analyze how a change in the C terminal amino acid might alter the transfer 

of isoprenoid probes. Changing the C-terminal serine to an alanine was enough to reverse 

the selectivity to favor CoumarinOPP over FPP, highlighting the importance and intricacies 

of peptide substrates of FTase for enzymatic labeling applications. We have validated this 

enzyme as a potential tool for future enzymatic labeling applications, as the dual substrate 

orthogonality would provide a double layer of selectivity.  

  

4.5. Conclusions 

Our work evaluates the possibility of combining two previous FTase mutants into a single 

enzyme that displays the orthogonal activities of both individual mutants. We have 

validated that combining mutations that allow both peptide binding site and isoprenoid 

binding site orthogonality produce an enzyme that is both active and retains the unique 

reactivity of all mutations. We have also employed a MALDI assay to optimize the peptide 

substrate for this new enzyme. In combination with cellular engineering, this work could 

be used as an important tool for the specific tracking of proteins of interest in cells. This 

combination of genetic engineering and peptide library screening could be a valuable 

strategy applicable to many other systems.  
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4.6. Methods 

4.6.1 Peptide Synthesis  

Peptide libraries were synthesized using Fmoc based solid-phase peptide synthesis (SPPS) 

using a Gyros Protein Technologies PS3® peptide synthesizer using four equivalents of 

Fmoc-protected amino acids from Aldrich®, Novabiochem® and P3 Biosystems and 

Fmoc-AA-Wang resins from P3 Biosystems. Dansylglycine (DsG) was then coupled 

manually, using a twofold molar excess, reacting for 4-6 h. Following synthesis, peptides 

were cleaved from resin for 2 h with 5 mL reagent K (82.5% trifluoroacetic acid (TFA), 

5% thioanisole, 5% phenol, 2.5% 1,2-ethanedithiol, and 5% H2O, v/v) cleavage cocktail 

per 0.1 mmol of resin. Peptides were precipitated by draining the cleavage cocktail into 40 

mL Et2O cooled in an isopropanol / dry ice bath for ~10 min, centrifuging until pelleted, 

decanting the Et2O layer, and repeating once to wash the residual cleavage cocktail from 

the crude peptide mixture. The peptides were then dissolved in 50:50 CH3CN/H2O 

containing 0.1% TFA. The total peptide concentration was determined by diluting in 1,4-

dioxane and measuring the absorptivity at 338 nm using a Cary 50 Bio UV-Visible 

spectrophotometer, using Beer-Lambert’s law in conjunction with dansylglycine’s molar 

extinction coefficient (4300 cm-1 M-1).  

 

4.6.2. Continuous Fluorescence Assay 
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Monitoring of activity and initial rates of peptide substrates was performed as previously 

described[126]. 

4.6.3. Synthesis of CoumarinOPP 

Synthesis of this molecule was performed as previously described[61]. 

4.6.4. Enzymatic Farnesylation of Peptides  

Enzymatic farnesylation of peptide libraries was performed by incubating mutant FTase in 

a reaction buffer that contained 2.4 μM total peptide, 10 μM FPP or CoumarinOPP, 50 mM 

Tris-HCl, pH 7.5, 10 μM ZnCl2, 5 mM MgCl2, 1 mM DTT in H2O. Reactions were allowed 

to proceed for 5 h at 37° C. The reactions were flash frozen to stop enzymatic activity. 

Upon completion, the samples were desalted using a Plus long Sep-Pak reverse-phase C18 

environmental cartridge from Waters Corporation (WAT023635, length 3 cm, diameter 1 

cm). Sep-Paks were primed by washing with 3 mL Buffer B (CH3CN with 0.1% TFA) and 

equilibrated with 3 mL Buffer A (H2O with 0.1% TFA). The sample was then loaded, 

washed with 2 mL each of 100% Buffer A, 10% Buffer B in Buffer A, and 20% Buffer B 

in Buffer A, and then eluted with 2 mL Buffer B. All reactions were run in triplicate. 

Control experiments were performed under identical conditions, without the addition of 

FTase. 

 

4.6.5. HPLC and MALDI analysis of Prenylated Peptides 
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For HPLC analysis, 200 uL aliquots of enzymatically reacted peptides were injected onto 

an Agilent 1100 HPLC instrument equipped with an FLD detector and a Phenomenex Luna 

5-micron C18 100 Å pore size 250 x 4.60 mm 5 micron analytical column. Fluorescence 

of the dansylated peptides was monitored with an excitation of 220 nm and an emission of 

495 nm with a PMT gain of 12. The gradient began with a 5 min hold at 1% buffer A, 

followed by a 25 min gradient from 1 to 100% buffer B.  For MALDI analysis, 0.5 μL of 

enzymatic reactions were cospotted with 0.5 μL of 10 mg/mL α-cyano-4-hydroxycinnamic 

acid (CHCA) matrix in 50:50 Buffer A: Buffer B on an AB Sciex 384 Opti TOF plate. The 

typical spotting procedure involved spotting the matrix first, then immediately spotting the 

sample on top of the matrix, rapidly pipetting up and down to mix. Samples were then 

analyzed with an AB-Sciex 5800 13 MALDI/TOF mass spectrometer using the reflector 

positive mode. A laser intensity of ~4000-5000 was applied, with a pulse rate of 400 Hz. 

Laser intensity was increased in increments of 200 if signal was not readily apparent. 4000 

laser shots were applied per spectrum, and the entire spot surface was sampled.  
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Appendix 

Gene Name Enzyme CAAX 

BROX FTase CYI S  

CDC42 GGTase I CAVR 

DNAJA1 FTase CNVL 

DNAJA2 FTase CAHQ 

GNG12 GGTase I CIIL 

GNG5 GGTase I CSFL 

LMNB1 FTase CAIM 

NAP1L1 FTase CKQ Q  

PEX19 FTase  CLIM  

RAB11B GGTase II CCQNL 

RAB13 GGTase II CSLG    

RAB14 GGTase II GCGC 

RAB15 GGTase II TCWC  

RAB16 GGTase II TCWC  

RAB18 GGTase II CSVL 

RAB1A GGTase II GGCC 

RAB1B GGTase II GGCC 

RAB23 GGTase II CSIP 

RAB2B GGTase II SGCC 

RAB31 GGTase II RRCC 

RAB3B GGTase II NCSC  

RAB4A GGTase II ECGC 

RAB5A GGTase II CCSN 

RAB5B GGTase II CCSN 

RAB5C GGTase II CCSN 

RAB6B GGTase II GCSC 

RAB7A GGTase II SCSC 

Rac2 GGTase I CS LL 

RALA FTase CCIL 

RAP1B GGTase I CQLL 

RHEB FTase CSVM 

RHOA GGTase I CLVL 

RHOB GGTase I CCKVL 

RHOG GGTase I CILL 

RRAS FTase CVIF 

RRAS2 FTase CVIF 

YKT6 FTase CAIM 
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Gng2 GGTase I CAIL 

PALM FTase CCSIM 

PSIP1 FTase CNLQ   

RAB22 GGTase II RSCC  

RAP1A GGTase I CLLL 

CNP GGTase I  CTII 

KRAS FTase CIIM  

NRAS FTase CVVM   

PTP4A1 FTase CCIQ 

RAB1C GGTase II GGCC 

RAP2B GGTase I CVIL 

GBP2 GGTase I CNIL 

RAB8A GGTase II CVLL 

Dpcd FTase?  Prickle1 

Mien1 GGTase I CVIL 

NAP1L4 FTase CKQQ 

RAB10 GGTase II SKCC 

RAB21 GGTase II CCSSG 

RAB24 GGTase II CCHH 

RAB28 FTase?  CAVQ 

RAB2A GGTase II GGCC 

RAB33B GGTase II TCWC  

RAB35 GGTase II KRCC 

RAB3A GGTase II DCAC  

RAB3D GGTase II SCSC 

RAB6A GGTase II GCSC 

RAB11A GGTase II CCQNL 

INF2 FTase CVIQ  

Lrrfip1 FTase?  CTMS 

Phkb FTase CLVS  

Rab12 GGTase II VRCC 

Rab30 GGTase II CCNFN 

RALB GGTase I CCLL 

Rhobtb3 GGTase I CLVM  

Rhoc GGTase I CPIL 

Rhoj FTase CAII 

Rnd3 FTase CTVM  

ZC3HAV1 FTase CVIS       

ALDH9A1 SELF 
 

Cenpe FTase CKTQ 

DNAJA4 FTase CQTA 
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Fam63a GGTase I CVLL 

Fam63b  GGTase I CVI L 

Fbxl20 GGTase III? CCIIL 

INPP5A FTase CCV VQ   

MRAS GGTase I CVIL 

Rab27b GGTase II KCAC 

RAB3C GGTase II NCAC   

RAP2A GGTase I CVIL 

Rpgr GGTase I CTIL 

STON1 FTase CITQ  

Ston2 FTase?  CGVQ 

UBL3 GGTase I CVIL  

CEP85 FTase CVTQ   

Ptp4a2 FTase CCVQ 
Eras GGTase I CVIM 

Palm3 FTase CAVM 
RAB22A GGTase II RSCC 

RAB32 GGTase II SQCC  

RAB8B GGTase II CVLL 

C16orf45 FTase CNIM 

CENPF FTase CKVQ  

DCAF8 FTase CMPS  

DNAJB2 GGTase I CLIL 

EHBP1 FTase Dnaja2 

EHBP1L1 FTase  Uchl1 

FBXL2 GGTase I CVIL 

GBP1 GGTase I CTIS 

GNG10 GGTase I CALL   

LMNA FTase CSIM 

LMNB2 FTase CYVM 

MAPKAPK3 FTase CN NQ  

RAB27A GGTase II ACGC 

Rab29  GGTase II WSCC 

RAB39A GGTase II ECFC  

RAB9B GGTase II SSCC 

RAP2C GGTase I CVIL 

RHOF GGTase I CLLL 

SPDL1 FTase CPQQ 

ULK3 FTase CTLQ 

WDTC1 FTase CRPS 

4930544G11Rik GGTase I CFVF 
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ALDH3B1 GGTase I CTLL 

ALDH3B2 GGTase I CTLL 

CAMK1G unknown CLIM  

CLN3 FTase CQLS 

CPLX3 FTase CHVM 

CPLX4 FTase CSVM  

CRACR2A GGTase I SCCG  

DHX32 FTase C TLQ  

DIRAS1 GGTase I CTLM 

DIRAS2 GGTase I CVIM 

DIRAS3 GGTase I CIIM 

GBP5 GGTase I CVLL  

GNG11 FTase CVIS 

GNG13 GGTase I CTIL 

GNG3 GGTase I CALL  

GNG4 GGTase I CTIL 

GNG7 GGTase I CIIL   

GNG8 GGTase I CVLL 

GNGT1 FTase CVIS 

GNGT2 FTase CLIS 

GRK1 FTase CLVS 

GRK7 GGTase I CLLL 

HRAS FTase CVLS 

INPP5B FTase CNPL 

INPP5E FTase CSVS 

PALM2 FTase CVVM  

PDE6A FTase CCIQ  

PDE6B GGTase I CCIL 

PDE6C FTase CCIQ 

PHKA1 FTase CAMQ 

PHKA2 FTase CQMQ 

PLA2G4C FTase CCL A 

PPP1R16A FTase CLLM 

PPP1R16B FTase CRIS  

PPP1R32 MAY CVAHS 

PRICKLE1 FTase CIIS 

PRICKLE2 FTase CIIS 

PTGIR FTase CSLC 

PTP4A3 FTase CCVM 

RAB17 GGTase II CCAH 

RAB19 GGTase II HCTC  
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RAB20 GGTase II GCCA 

RAB25 GGTase II CCISL 

RAB26 GGTase II CCRP 

RAB33A GGTase II SCPC 

RAB34 GGTase II TCCP  

RAB36 GGTase II LGCC 

RAB37 GGTase II CCSFM  

Rab38 GGTase II CAKS 

RAB39B GGTase II RCLC  

RAB40A GGTase I CKIS 

RAB40AL GGTase I CKIS 

RAB40B GGTase I CKIS 

RAB40C GGTase I CKIS 

RAB41 GGTase II RSYC 

RAB42 GGTase II PCQC 

Rab43 GGTase II GCGC 

Rab44 GGTase II GCCH 

RAB4B GGTase II PCGC  

Rab6c NO PVSWR  

RAB7B GGTase II SRCC 

RAB9A GGTase II SSCC 

Rac1 GGTase I CLLL  

RAC3 GGTase I CTVF 

RAP1blike GGTase I CQLL 

RASD1 FTase  CVIS 

RASD2 FTase CTIQ 

RASL10A FTase CSLM 

RASL10B GGTase I CAIM 

RHEBL1 FTase CHLM 

RHOD GGTase I CVVT 

RHOH GGTase I CKIF 

RHOQ FTase CLIT 

RND1 GGTase I CSIM 

RND2 GGTase I CNLM 

RTL8C FTase CVLA  

STK11 FTase CKQQ  

UCHL1 FTase CKAA 

USP32 FTase CVLQ 

ZFAND2B GGTase I CSLC 
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Table A1. CaaX sequences discovered in proteomics experiments, along with associated 

gene and enzyme they are a substrate for. 

 

 

Library Peptide Sequence Expected Mass Observed Mass 

Ca1IIM 1   DsGRAGCGIIM 1110.4 1110.2 

Ca1IIM 1   DsGRAGCSIIM 1140.4 1140.2 

Ca1IIM 1   DsGRAGC(fn)SIIM 1344.8 1344.4 

Ca1IIM 1   DsGRAGCVIIM 1152.5 1152.3 

Ca1IIM 1   DsGRAGCCIIM 1156.5 1156.2 

Ca1IIM 1   DsGRAGC(fn)CIIM 1360.8 1360.4 

Ca1IIM 1   DsGRAGCIIIM 1166.5 1166.3 

Ca1IIM 1   DsGRAGCNIIM 1167.4 1167.3 

Ca1IIM 1   DsGRAGC(fn)NIIM 1371.8 1371.4 

Ca1IIM 1   DsGRAGCKIIM 1181.5 1181.3 

Ca1IIM 1   DsGRAGCMIIM 1184.5 1184.2 

Ca1IIM 1   DsGRAGC(fn)MIIM 1388.9 1388.4 

Ca1IIM 1   DsGRAGCFIIM 1200.5 1200.3 

Ca1IIM 1   DsGRAGC(fn)FIIM 1404.9 1404.4 

Ca1IIM 1   DsGRAGCYIIM 1216.5 1216.2 

Ca1IIM 1   DsGRAGC(fn)YIIM 1420.9 1420.4 

Ca1IIM 2   DsGRAGCAIIM 1124.4 1124.3 

Ca1IIM 2   DsGRAGC(fn)AIIM 1328.8 1328.4 

Ca1IIM 2   DsGRAGCPIIM 1150.4 1150.3 

Ca1IIM 2   DsGRAGC(fn)PIIM 1354.8 1354.4 

Ca1IIM 2   DsGRAGCTIIM 1154.4 1154.2 

Ca1IIM 2   DsGRAGCLIIM 1166.5 1166.3 

Ca1IIM 2   DsGRAGCDIIM 1168.4 1168.2 

Ca1IIM 2   DsGRAGCQIIM 1181.5 1181.2 

Ca1IIM 2   DsGRAGC(fn)QIIM 1385.8 1385.4 

Ca1IIM 2   DsGRAGCEIIM 1182.4 1182.3 

Ca1IIM 2   DsGRAGC(fn)EIIM 1386.8 1386.4 

Ca1IIM 2   DsGRAGCHIIM 1190.5 1190.3 

Ca1IIM 2   DsGRAGC(fn)HIIM 1394.8 1394.4 

Ca1IIM 2   DsGRAGCRIIM 1209.5 1209.3 

Ca1IIM 2   DsGRAGCWIIM 1239.5 1239.3 

CMa2IM 1 DsGRAGCMGIM 1128.4 1128.1 

CMa2IM 1 DsGRAGC(fn)MGIM 1332.8 1332.2 

CMa2IM 1 DsGRAGCMSIM 1158.4 1158.1 

CMa2IM 1 DsGRAGC(fn)MSIM 1362.8 1362.3 

CMa2IM 1 DsGRAGCMVIM 1170.5 1170.1 

CMa2IM 1 DsGRAGCMCIM 1174.5 1174.1 

CMa2IM 1 DsGRAGCMIIM 1184.5 1184.2 

CMa2IM 1 DsGRAGCMNIM 1185.5 1185.1 
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CMa2IM 1 DsGRAGC(fn)MNIM 1389.2 1389.3 

CMa2IM 1 DsGRAGCMKIM 1199.5 1199.2 

CMa2IM 1 DsGRAGC(fn)MKIM 1403.9 1303.4 

CMa2IM 1 DsGRAGCMMIM 1202.6 1202.1 

CMa2IM 1 DsGRAGCMFIM 1218.5 1218.1 

CMa2IM 1 DsGRAGCMYIM 1234.5 1234.1 

CMa2IM 2 DsGRAGCMAIM 1142.4 1142.1 

CMa2IM 2 DsGRAGCMPIM 1168.5 1168.1 

CMa2IM 2 DsGRAGCMTIM 1172.5 1172.1 

CMa2IM 2 DsGRAGCMLIM 1184.5 1184.1 

CMa2IM 2 DsGRAGCMDIM 1186.5 1186.1 

CMa2IM 2 DsGRAGCMQIM 1199.5 1199.1 

CMa2IM 2 DsGRAGC(fn)MQIM 1403.9 1403.3 

CMa2IM 2 DsGRAGCMEIM 1200.5 1200.1 

CMa2IM 2 DsGRAGC(fn)MEIM 1404.8 1404.3 

CMa2IM 2 DsGRAGCMHIM 1208.5 1208.1 

CMa2IM 2 DsGRAGC(fn)MHIM 1412.9 1412.3 

CMa2IM 2 DsGRAGCMRIM 1227.6 1227.1 

CMa2IM 2 DsGRAGC(fn)MRIM 1431.9 1431.3 

CMa2IM 2 DsGRAGCMWIM 1257.6 1257.1 

CMIa3M 1 DsGRAGCMIGM 1128.4 1128.2 

CMIa3M 1 DsGRAGC(fn)MIGM 1332.8 1332.3 

CMIa3M 1 DsGRAGCMISM 1158.4 1158.2 

CMIa3M 1 DsGRAGC(fn)MISM 1362.8 1362.3 

CMIa3M 1 DsGRAGCMIVM 1170.5 1170.3 

CMIa3M 1 DsGRAGCMICM 1174.5 1174.2 

CMIa3M 1 DsGRAGC(fn)MICM 1378.9 1378.3 

CMIa3M 1 DsGRAGCMIIM 1184.5 1184.3 

CMIa3M 1 DsGRAGCMINM 1185.5 1185.2 

CMIa3M 1 DsGRAGC(fn)MINM 1389.2 1389.3 

CMIa3M 1 DsGRAGCMIKM 1199.5 1199.3 

CMIa3M 1 DsGRAGCMIMM 1202.6 1202.2 

CMIa3M 1 DsGRAGC(fn)MIMM 1406.9 1406.3 

CMIa3M 1 DsGRAGCMIFM 1218.5 1218.2 

CMIa3M 1 DsGRAGC(fn)MIFM 1422.9 1422.3 

CMIa3M 1 DsGRAGCMIYM 1234.5 1234.2 

CMIa3M 2 DsGRAGCMIAM 1142.4 1142.3 

CMIa3M 2 DsGRAGC(fn)MIAM 1346.8 1346.4 

CMIa3M 2 DsGRAGCMIPM 1168.5 1168.3 

CMIa3M 2 DsGRAGCMITM 1172.5 1172.4 

CMIa3M 2 DsGRAGC(fn)MITM 1376.8 1376.5 

CMIa3M 2 DsGRAGCMILM 1184.5 1184.3 

CMIa3M 2 DsGRAGC(fn)MILM 1388.9 1388.5 

CMIa3M 2 DsGRAGCMIDM 1186.5 1186.4 

CMIa3M 2 DsGRAGCMIQM 1199.5 1199.4 

CMIa3M 2 DsGRAGC(fn)MIQM 1403.9 1403.5 

CMIa3M 2 DsGRAGCMIEM 1200.5 1200.3 
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CMIa3M 2 DsGRAGC(fn)MIEM 1404.8 1404.5 

CMIa3M 2 DsGRAGCMIHM 1208.5 1208.4 

CMIa3M 2 DsGRAGC(fn)MIHM 1412.9 1412.5 

CMIa3M 2 DsGRAGCMIRM 1227.6 1227.4 

CMIa3M 2 DsGRAGCMIWM 1257.6 1257.4 

CMIIX 1 DsGRAGCMIIG 1110.4 1110.3 

CMIIX 1 DsGRAGCMIIS 1140.4 1140.3 

CMIIX 1 DsGRAGC(fn)MIIS 1344.8 1344.4 

CMIIX 1 DsGRAGCMIIV 1152.5 1152.3 

CMIIX 1 DsGRAGCMIIC 1156.5 1156.3 

CMIIX 1 DsGRAGC(fn)MIIC 1360.8 1360.4 

CMIIX 1 DsGRAGCMIII 1166.5 1166.3 

CMIIX 1 DsGRAGCMIIN 1167.4 1167.2 

CMIIX 1 DsGRAGCMIIK 1181.5 1181.3 

CMIIX 1 DsGRAGC(fn)MIIK 1385.9 1385.5 

CMIIX 2 DsGRAGCMIIA 1124.4 1124.2 

CMIIX 2 DsGRAGC(fn)MIIA 1328.8 1328.4 

CMIIX 2 DsGRAGCMIIP 1150.4 1150.3 

CMIIX 2 DsGRAGCMIIT 1154.4 1154.2 

CMIIX 2 DsGRAGCMIIL 1166.5 1166.3 

CMIIX 2 DsGRAGCMIID 1168.4 1168.2 

CMIIX 2 DsGRAGCMIIQ 1181.5 1181.3 

CMIIX 2 DsGRAGC(fn)MIIQ 1385.8 1385.4 

CMIIX 2 DsGRAGCMIIM 1184.5 1184.2 

CMIIX 2 DsGRAGC(fn)MIIM 1388.9 1388.4 

CMIIX 2 DsGRAGCMIIR 1209.5 1209.3 

CMIIX 2 DsGRAGCMIIW 1239.5 1239.3 

Table A2. Mass of CaaaX library peptides. Expected and observed mass for all 

pentapeptide starting material from MALDI libraries, as well as the prenylated products. 
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Figure A1. Optimization of enzyme concentration for CaaaX MALDI. DsGRAGCMIIX library 1 

reacted with (a) no enzyme (b) 100 nM enzyme (c) 1 uM enzyme (d) 10 uM enzyme  
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Figure A2. MALDI/MS of DsGRAGCMIIX libraries. Library 1 (a) before and (b) after 

prenylation with 1 uM yFTase. Library 2 (c) before and (d) after prenylation with 1 uM yFTase. 
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Figure A3. MALDI/MS of DsGRAGCMa2IM libraries. Library 1 (a) before and (b) after 

prenylation with 1 uM yFTase. Library 2 (c) before and (d) after prenylation with 1 uM yFTase. 
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Figure A4. MALDI/MS of DsGRAGCMIa3M libraries. Library 1 (a) before and (b) after 

prenylation with 1 uM yFTase. Library 2 (c) before and (d) after prenylation with 1 uM yFTase. 
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Sequence Formula +/- Fn ion Expected 

mass 

Observed 

mass 

DsGRAGCMIIS C63H103N13O13S32+ + M+2H 672.85 672.85 

 C25H35N8O6S+ + b4 575.24 575.24 

 C43H64N9O7S2+ + b5 882.44 882.43 

 C48H73N10O8S3+ + b6 1013.48 1013.48 

 C54H84N11O9S3+ + b7 1126.56 1126.56 

 C48H78N13O13S3+ - M+H 1140.50 1140.50 

 C25H35N8O6S+ - b4 575.24 575.24 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C33H49N10O8S3+ - b6 809.29 809.29 

DsGRAGCMIIQ C65H106N14O13S32+ + M+2H 693.36 693.36 

 C25H35N8O6S+ + b4 575.24 575.24 

 C43H64N9O7S2+ + b5 882.44 882.43 

 C48H73N10O8S3+ + b6 1013.48 1013.47 

 C54H84N11O9S3+ + b7 1126.56 1126.56 

 C60H95N12O10S3+ + b8 1239.65 1239.64 

 C50H81N14O13S3+ - M+H 1181.53 1181.53 

 C25H35N8O6S+ - b4 575.24 575.24 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C33H49N10O8S3+ - b6 809.29 809.29 

DsGRAGCSIIM C63H103N13O13S32+ + M+2H 672.85 672.85 

 C25H35N8O6S+ + b4 575.24 575.24 

 C43H64N9O7S2+ + b5 882.44 882.43 

 C46H69N10O9S2+ + b6 969.47 969.46 

 C52H80N11O10S2+ + b7 1082.55 1082.54 

 C48H78N14O14S3+ - M+H 1140.50 1140.50 

 C25H35N8O6S+ - b4 575.24 575.24 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C31H45N10O9S2+ - b6 765.28 765.28 
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DsGRAGCMKIM C65H108N14O12S4+ + M+2H 702.36 702.36 

 C25H35N8O6S+ + b4 575.24 575.24 

 C43H64N9O7S2+ + b5 882.44 882.43 

 C48H73N10O8S3+ + b6 1013.48 1013.48 

 C50H83N14O12S4+ - M+H 1199.53 1199.53 

 C25H35N8O6S+ - b4 575.24 575.24 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C33H49N10O8S3+ - b6 809.29 809.29 

 C39H61N12O9S3+ - b7 937.38 937.39 

 C45H72N13O10S3+ - b8 1050.47 1050.47 

DsGRAGCYIIM C69H107N13O13S32+ + M+2H 710.86 710.86 

 C23H32N7O5S+ + b3 518.22 518.22 

 C25H35N8O6S+ + b4 575.24 575.24 

 C43H64N9O7S2+ + b5 882.44 882.44 

 C52H73N10O9S2+ + b6 1045.50 1045.50 

 C58H84N11O10S2+ + b7 1158.58 1158.58 

 C23H33N7O5S+ - b3 518.22 518.23 

 C25H35N8O6S+ - b4 575.24 575.24 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C37H49N10O9S2+ - b6 841.31 841.31 

DsGRAGCHIIM C66H105N15O12S32+ + M+2H 697.86 697.86 

 C25H35N8O6S+ + b4 575.24 575.24 

 C43H64N9O7S2+ + b5 882.44 882.43 

 C49H71N12O8S2+ + b6 1019.50 1019.49 

 C51H80N15O12S3+ - M+H 1190.53 1190.53 

 C25H35N8O6S+ - b4 575.24 575.24 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C34H47N12O8S2+ - b6 815.31 815.32 

DsGRAGCMIGM C61H99N13O12S42+ + M+2H 666.82 666.82 

 C25H35N8O6S+ + b4 575.24 575.23 

 C43H64N9O7S2+ + b5 882.44 882.43 
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 C48H78N10O8S3+ + b6 1013.48 1013.48 

 C54H84N11O9S3+ + b7 1026.56 1026.58 

 C56H87N12O10S3+ + b8 1183.58 1183.58 

 C46H74N13O12S4+ - M+H 1128.45 1128.45 

 C25H35N8O6S+ - b4 575.24 575.23 

 C28H40N9O7S2+ - b5 678.25 678.25 

 C33H49N10O8S3+ - b6 809.29 809.28 

Table A3. MS/MS of prenylated CaaaX library hits. MS/MS ions of prenylated peptides, 

indicating the Cys is prenylated. b ions for the prenylated peptide are shown, as well as b ions that 

have also lost the prenyl group.  

 

 

Figure A5. Structure of representative DsGRAGC(fn)MIIM peptide. The major ions used to 

confirm S-farnesylation are labeled 
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Figure A6. HPLC Fluorescence assay of CMIIS. HPLC assay quantifying the farnesylation of the 

peptide DsGRAGCMIIS by the fluorescence of the Dansyl group (ex. 220/em. 495). Reaction of 

2.4 uM peptide with 25 nM yFTase 
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Figure A7. HPLC Fluorescence assay of CSIIM. HPLC assay quantifying the farnesylation of the 

peptide DsGRAGCSIIM by the fluorescence of th Dansyl group (ex. 220/em. 495). Reaction of 

2.4 uM peptide with 25 nM yFTase.  
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Figure A8. HPLC Fluorescence assay of CMKIM. HPLC assay quantifying the conversion the 

peptide DsGRAGCMKIM by the fluorescence of the Dansyl group (ex. 220/em. 495). Reaction 

of 2.4 uM peptide with 25 nM yFTase. 
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Figure A9. HPLC Fluorescence assay of CMGIM. HPLC assay quantifying the conversion the 

peptide DsGRAGCMIGM by the fluorescence of the Dansyl group (ex. 220/em. 495). Reaction 

of 2.4 uM peptide with 25 nM yFTase. 
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Figure A10. HPLC Fluorescence assay of CMIIK. HPLC assay quantifying the conversion the 

peptide DsGRAGCMIIK by the fluorescence of Dansyl group (ex. 220/em. 495). Reaction of 2.4 

uM peptide with 25 nM yFTase. 
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Figure A11. HPLC Fluorescence assay of CHIIM. HPLC assay quantifying the conversion the 

peptide DsGRAGCHIIM by the fluorescence of Dansylglycine (ex. 220/em. 495). Reaction of 2.4 

uM peptide with 25 nM yFTase 
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Figure A12. HPLC Fluorescence assay of CYIIM. HPLC assay quantifying the conversion the 

peptide DsGRAGCYIIM by the fluorescence of Dansyl group (ex. 220/em. 495). Reaction of 2.4 

uM peptide with 25 nM yFTase. 
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Sequence Protein name Uniprot ID 

CSQAS Xaa-Pro aminopeptidase 3 https://www.uniprot.org/uniprot/Q9NQH7  

CSLMQ Transcription elongation factor A 

protein 3 

https://www.uniprot.org/uniprot/O75764-2 

CSTAN Neuronal acetylcholine receptor 

subunit alpha-7 

https://www.uniprot.org/uniprot/P36544-3 

CASSQ T cell receptor beta variable 14 https://www.uniprot.org/uniprot/A0A5B0 

CMTSQ Beta-1,4 N-

acetylgalactosaminyltransferase 1 

https://www.uniprot.org/uniprot/Q00973 

CLTIQ Acetyl-coenzyme A synthetase, 

cytoplasmic 

https://www.uniprot.org/uniprot/Q9NR19 

CVQTS Thymosin beta-15A https://www.uniprot.org/uniprot/P0CG34 

CNVTS Orphan sodium- and chloride-

dependent neurotransmitter 

transporter NTT5 

https://www.uniprot.org/uniprot/Q9GZN6 

CASLS Proline-rich protein 5-like https://www.uniprot.org/uniprot/Q6MZQ0  

CLISS Regulator of G-protein signaling 

7-binding protein  

https://www.uniprot.org/uniprot/Q6MZT1 

CQLNS Dynein heavy chain 7 https://www.uniprot.org/uniprot/Q8WXX0 

CTASS Serine/threonine-protein kinase 

Nek7 

https://www.uniprot.org/uniprot/Q8TDX7 

CSKLN NUAK family SNF1-like kinase 1 https://www.uniprot.org/uniprot/O60285 

CSKLN Olfactory receptor 4A8 https://www.uniprot.org/uniprot/P0C604 

CSKVN Thioredoxin domain-containing 

protein 16 

https://www.uniprot.org/uniprot/Q9P2K2  

CSLQQ Uncharacterized protein C1orf109 https://www.uniprot.org/uniprot/Q9NX04-

2 

CSLLL Arylsulfatase B https://www.uniprot.org/uniprot/P15848-2  

CSLFA NF-kappa-B-activating kinase-

associated protein 1 

https://www.uniprot.org/uniprot/Q9H6S1-

4  

CSIFI Nuclear receptor coactivator 7 https://www.uniprot.org/uniprot/Q8NI08-6  

CSSAV Upstream transcription factor 3 https://www.uniprot.org/uniprot/Q68DE3  

CSNTF Protein virilizer homolog https://www.uniprot.org/uniprot/Q69YN4-

4  

CAFLS Histone-lysine N-

methyltransferase MECOM 

https://www.uniprot.org/uniprot/Q03112-9  

CFLSS N-alpha-acetyltransferase 16, 

NatA auxiliary subunit 

https://www.uniprot.org/uniprot/Q6N069-4  

CLLFS Nuclear mitotic apparatus protein 

1 

https://www.uniprot.org/uniprot/Q14980-3 

CVSVS Phosphatidylinositol 4-phosphate 

5-kinase type-1 gamma 

https://www.uniprot.org/uniprot/O60331-2 

CQYNS Pituitary homeobox 1 https://www.uniprot.org/uniprot/P78337 

CLFLS Regulation of nuclear pre-mRNA 

domain-containing protein 2 

https://www.uniprot.org/uniprot/Q5VT52-

4 

CLACS Slit homolog 3 protein https://www.uniprot.org/uniprot/O75094 

https://www.uniprot.org/uniprot/Q9NQH7
https://www.uniprot.org/uniprot/O75764-2
https://www.uniprot.org/uniprot/P36544-3
https://www.uniprot.org/uniprot/A0A5B0
https://www.uniprot.org/uniprot/Q00973
https://www.uniprot.org/uniprot/Q9NR19
https://www.uniprot.org/uniprot/P0CG34
https://www.uniprot.org/uniprot/Q9GZN6
https://www.uniprot.org/uniprot/Q6MZQ0
https://www.uniprot.org/uniprot/Q6MZT1
https://www.uniprot.org/uniprot/Q8WXX0
https://www.uniprot.org/uniprot/Q8TDX7
https://www.uniprot.org/uniprot/O60285
https://www.uniprot.org/uniprot/P0C604
https://www.uniprot.org/uniprot/Q9P2K2
https://www.uniprot.org/uniprot/Q9NX04-2
https://www.uniprot.org/uniprot/Q9NX04-2
https://www.uniprot.org/uniprot/P15848-2
https://www.uniprot.org/uniprot/Q9H6S1-4
https://www.uniprot.org/uniprot/Q9H6S1-4
https://www.uniprot.org/uniprot/Q8NI08-6
https://www.uniprot.org/uniprot/Q68DE3
https://www.uniprot.org/uniprot/Q69YN4-4
https://www.uniprot.org/uniprot/Q69YN4-4
https://www.uniprot.org/uniprot/Q03112-9
https://www.uniprot.org/uniprot/Q6N069-4
https://www.uniprot.org/uniprot/Q14980-3
https://www.uniprot.org/uniprot/O60331-2
https://www.uniprot.org/uniprot/P78337
https://www.uniprot.org/uniprot/Q5VT52-4
https://www.uniprot.org/uniprot/Q5VT52-4
https://www.uniprot.org/uniprot/O75094
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CASWQ lamin subunit gamma 3 https://www.uniprot.org/uniprot/Q9Y6N6 

Table A4. CaaaX sequences in the human genome. Selected CaaaX sequences in the human 

genome and their associated proteins. Peptides selected for evaluation are shaded in grey. 

 

 

 

 

Figure A13. Mobility shift analysis of Ydj1p-CaaaX variants in the presence and absence of 

farnesyltransferase. Whole cell lysates were prepared and analyzed as described for Figure 5 

except that each Ydj1p-CaaaX variant was expressed in two strains. One expresses FTase 

(yWS2544; ydj1::KANR) and the other lacks FTase (yWS2452; ydj1::KANR ram1∆). The 

presence (+) or absence of FTase (-) correlates with the presence and absence, respectively, of the 

non-essential yeast gene RAM1 that encodes the beta subunit of farnesyltransferase. 

 

Sample Sequence 

Biological 

Replicates 

Technical 

Replicates 

Average of 

Tech. Replicates1 

Standard 

Deviation2 

Controls CASQ 4 5 100.0% 0.0% 

 SASQ 4 5 0.0% 0.0% 

 CMIIM 4 7 100.0% 0.0% 

 SMIIM 4 9 0.0% 0.0% 

      

Sequences from 

MALDI libraries  

CHIIM 3 4 76.9% 25.9% 

CMIGM 3 5 39.5% 24.8% 

 CMIIQ 2 4 100.0% 0.0% 

 CMIIS 3 5 88.8% 10.9% 

 CMKIM 3 5 99.4% 1.3% 

 CSIIM 3 5 100.0% 0.0% 

 CYIIM 3 5 100.0% 0.0% 

      

Sequences from the  CASLS 1 3 2.1% 3.6% 

mammalian genome CASSQ 1 3 0.0% 0.0% 

CLACS 1 3 0.6% 1.0% 

 CLLFS 1 3 16.4% 2.4% 

 CMTSQ 1 3 0.7% 1.2% 

 CQYNS 1 3 0.0% 0.0% 

 CSKLN 1 3 13.0% 5.5% 

 CSLMQ 1 4 96.7% 4.7% 

 CSQAS 1 3 0.0% 0.0% 

https://www.uniprot.org/uniprot/Q9Y6N6
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 CVQTS 1 3 1.1% 2.0% 

 

Table A5.  Percent farnesylation for Ydj1p-CaaaX variants evaluated in this study.   

1Values for band intensities of farnesylated and unfarnesylated species within gel lanes of Figures 

A12 and A13 were determined by the peak integration method using ImageJ [4]. reference; see 

below for options).  These values were used to calculate percent farnesylation for individual 

samples that were averaged for multiple biological and/or technical replicates. 

2Standard deviations were derived for all replicates using the Excel STDEV function. 
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Figure A14. Mobility shift analysis of Ydj1p-CaaaX variants.  A collage of anti-Ydj1p 

immunoblots representing the multiple biological and technical replicates of each Ydj1p-CaaaX 

variant that was analyzed in this study.  Analysis was as described for Figures 5 and 6, with 

panels D and E representing uncropped versions of the blots used for Figures 5 and 6, 

respectively.  These blots and the blot described for Figure A12 were used for determining the 

percent prenylation observed for each Ydj1p-CaaaX variant that is reported in Table A6. In each 
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panel, the digital layer containing the anti-Ydj1p chemiluminescence signal is juxtaposed with the 

layer containing the prestained molecular weight standards that was captured in parallel under 

ambient light. 

 

Strain Genotype Reference 

yWS2542 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ram1::KANR ydj1::NATR [1] 

yWS2544 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 ydj1::NATR [1] 

Table A6.  Yeast strains used in this study. 

 

 

plasmid genotype Reference 

pRS416 CEN URA3 (vector) [2] 

pWS942 CEN URA3 YDJ1 [3] 

pWS1132 CEN URA3 YDJ1-SASQ [3] 

pWS1488 CEN URA3 YDJ1-CMIIM [4] 

pWS1917 CEN URA3 YDJ1-SMIIM this study 

pWS1918 CEN URA3 YDJ1-CMIIS this study 

pWS1919 CEN URA3 YDJ1-CMIIQ this study 

pWS1920 CEN URA3 YDJ1-CHIIM this study 

pWS1921 CEN URA3 YDJ1-CYIIM this study 

pWS1922 CEN URA3 YDJ1-CSIIM this study 

pWS1923 CEN URA3 YDJ1-CMKIM this study 

pWS1924 CEN URA3 YDJ1-CMIGM this study 

pWS1981 CEN URA3 YDJ1-CSLMQ this study 

pWS1982 CEN URA3 YDJ1-CSQAS this study 

pWS1983 CEN URA3 YDJ1-CLLFS this study 

pWS1984 CEN URA3 YDJ1-CVQTS this study 

pWS1985 CEN URA3 YDJ1-CQYNS this study 

pWS1986 CEN URA3 YDJ1-CLACS this study 

pWS1987 CEN URA3 YDJ1-CMTSQ this study 

pWS1988 CEN URA3 YDJ1-CASLS this study 

pWS1989 CEN URA3 YDJ1-CASSQ this study 

pWS1990 CEN URA3 YDJ1-CSKLN this study 

Table A7.  Plasmids used in this study. 



118 
 

 

Figure A15 Prenylation of CSLMQ libraries with yFTase. A. CXLMQ 1, B. CXLMQ 2, C. 

CSXMQ 1, D. CSXMQ 2. Reactions performed with 2uM enzyme for eight hours. 



119 
 

 

Figure A16 Prenylation of additional CSLMQ libraries with yFTase. A. CSLXQ 1, B. CSLXQ 2, 

C. CSLMX 1, D. CSLMX 2. Reactions performed with 2uM enzyme for eight hours. 

 



120 
 

 

Figure A17. Prenylation of CXLMQ 1 with 3uM rFTase 

 

 

Figure A18. Prenylation of CXLMQ 2 with 3uM rFTase 
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Figure A19. Prenylation of CSXMQ 1 with 3uM rFTase 

 

A20. Prenylation of CSLXQ 1 with 3 uM rFTase 
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A21. Prenylation of CSLXQ 2 with 3 uM rFTase 
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Figure A22.  Prenylation of CSLMX 1 with 3uM rFTase 
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Figure A23. Prenylation of CSLMX 2 with 3 uM rFTase 
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