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Abstract
The site-specific enzymatic modification of proteins offers a powerful tool both for the
development of new research techniques and for the development of more effective
therapeutics. Protein farnesyltransferase (PFTase) is a promising tool in the field of sitespecific protein modification due to its substrate promiscuity, small recognition domain
and mild reaction conditions. PFTase is an enzyme that attaches a farnesyl moiety, from
farnesyl diphosphate (FPP), to a cysteine residue located at the C-terminus of proteins in
a CaaX box consensus sequence. This dissertation seeks to used PFTase as a tool to
develop new methods for both scientific research and biotechnologcical development.
PFTase has been shown to utilize a number of non-natural FPP analogues that can be
used to create covalent conjugates between proteins and other biologically relevant
molecules. One of the main disadvantages of this approach, however, is that PFTase has a
much lower activity when using FPP analogues that contain large non-natural functional
moieties. We sought to develop and analyze different mutations of PFTase that increase
the activity of the enzyme toward these FPP analogues. We found several PFTase
mutants that can catalyze the addition of large FPP analogues to proteins at much faster
rate than the wild-type enzyme. Additionally we showed that we could use PFTase to
create a site-specific conjugate of Ciliary Neurotropic Factor (CNTF); a promising drug
candidate for a number of different neurological conditions. In addition, we have begun
analyzing its biological activity in vivo. This conjugate is a promising new development
in the creation of protein therapeutics, that have a similar activity but a longer retention
time in the body than previously drugs. Taken together this dissertation will demonstrate
the value and utility of using PFTase for a number of different scientific applications.
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Chapter 1: Protein Prenylation
1.1 Introduction to Protein Prenylation

In order to properly function, many proteins require attachment of further
functional groups other than the ones provided by the 20 standard amino acids. One of
these post-translational modifications is called prenylation.

This modification is

implicated in protein-membrane localization, and in stabilizing protein-protein
interactions.

Prenylation is the attachment of either a farnesyl or geranylgeranyl

diphosphate (GGPP) to a specific cysteine residue via a thioester linkage. This cysteine
residue is located in a C-terminal, four amino acid consensus sequence called the CAAX
box, where C is cysteine, A is generally considered to be an aliphatic amino acid, and X
is any amino acid. Upon attachment of the prenyl group, a protease removes the three
terminal amino acids and finally the carboxylic acid on the C terminus is methylated by a
carboxymethyl transferase.1 This process is exemplified in Figure 1.1.

1

Figure 1.1: This graphic shows the process of protein prenylation and
methylation.
There are two natural isoprenoid molecules utilized by prenylation: farnesyl
diphosphate (FPP) and geranylgeranyl diphoshphate (GGPP). GGPP has 20 carbons and
four double bonds, whereas farnesyl diphosphate has 15 carbons and three double bond
(See Figure 1.2 for structures).1

Figure 1.2: This graphic shows both natural prenyl groups: FPP and
GGPP.

2

The attachment of FPP is catalyzed by the enzyme Protein Farnesyltransferase (PFTase),
whereas GGPP attachment is catalyzed by either of two geranylgeranyl transferases
(GGTase): GGTase I or GGTase II. (The difference between GGTases is that GGTase I
geranylgeranylates only CAAX sequences at the C terminus of proteins, while GGTase II
has been shown to geranylgeranylate proteins with non-conventional terminal sequences).
While prenylation is thought to occur in hundreds of all cellular proteins, most proteins
are geranylgeranylated by the GGTases and fewer proteins are known to be farnesylated.
Only a small fraction has been experimentally validated.2, 3

1.2 PFTase Structure and Mechanism
Both GGTases and PFTase are / heterodimers, with the  subunit being the
same for both enzymes and the  subunit being different. The crystal structures of both
GGTase I as well as PFTase show that both the  and  subunits of the proteins are
comprised mostly of  helicies with loop turn segments connecting them.4 Figure 1.3
shows a crystal structure of rat PFTase bound with FPP and a four amino acid “CAAX
box” peptide. It is also important to note that the binding sites for both the FPP or GGPP
and the peptide tail are created at the interface of the two subunits, which allows for the
multiple types of peptides to which PFTase and GGTases will bind.

3

Figure 1.3: This graphic shows a crystal structure of rat PFTase (subunit in green, -subunit in blue) bound with FPP (yellow) and a
peptide inhibitor (CVFM) (red). (PDB: 1JCR)
Both PFTase and GGTases are metalloenzymes that require zinc ions in order to catalyze
the reaction. A Zn2+ ion is required to lower the pKa of the cysteine, creating a thiolate
which is a good nucleophile.5 While magnesium ions are necessary for the reaction to
take place, their addition enhances the rate of the reaction. Mg2+ ions are believed to
coordinate with diphosphate, making it a better leaving group.6 The most reasonable
mechanism of action for this enzyme suggests an ordered sequential binding in which the
prenyl group binds first with the hydrophobic tail inserted toward the center of the
enzyme active site and the diphosphate end solvent exposed. The prenyl molecule has
the greatest number of interactions with residues from the  subunit of the enzyme.7 The
CAAX peptide binds after prenyl diphosphate, which forms part of the binding pocket of
the CAAX sequence.
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One of the most interesting qualities of the PFTase enzyme is the promiscuity of
the binding site for the CaaX box peptide. While traditionally the two amino acid
residues between the cysteine and the C-terminal amino acid have been thought to be
aliphatic amino acids PFTase is highly tolerant for a wide range of amino acid sequeces
at these positions. Additionally the C-terminal acid, while usually serine, methionine and
alanine, can also vary for what PFTase will accept.8 Several studies have been conducted
looking at what amino acids sequences PFTase will farnesylate, and many models have
been made based on these studies to determine exactly which proteins are farnesylated in
cells.7, 9 PFTase shows a preference for amino acids valine, leucine, lysine, and ariginine
at the A1 position (the first amino acid after the cysteine), but will also catalyze the
reaction for amino acids serine, threonine, phenylalanine, aspartic acid, and glutamine. It
will not catalyze the reaction at all or proceed at a slower rate if the amino acid is glycine,
alanine, isoluecine, glutamic acid, or proline.8 It is interesting to note that PFTase prefers
some non-aliphatic amino acids at this position while at the same time does a poor job
with some aliphatic amino acids.
The A1 position is not the only CAAX box amino acid the enzyme allows to have
variability. The A2 position (the second amino acid after the cysteine) has also been
shown to contain a range of amino acids. PFTase prefers the amino acids valine, leucine,
isoleucine and threonine in the A2 position and will tolerate methionine, serine, proline,
phenylalanine, glutamine, and histidine. But it does a very poor job of catalyzing the
reaction with the other amino acids at that position.8

While PFTase clearly has a

preference for aliphatic amino acids, it is not entirely clear why one aliphatic amino acid
would be more preferred than another.
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This same type of interplay is seen in the X amino acid position as well. The role
of the X residue in the CAAX sequence is largely thought to determine whether the
protein is farnesylated or geranylgeranylated.10 It has been shown that the reactivity of
PFTase decreases as the hydrophocity of the X residue decreases, whereas the inverse
relationship holds true for GGTase I. This explains why the most common CAAX
sequences used in PFTase studies have serine or methionine as the terminal X amino acid
while GGTase studies use leucine or other non-polar amino acids.11 The situation here is
more

complicated

than

simply

serine

gets

farnesylated

and

leucine

gets

geranylgeranylated. It has been shown that in the absence of PFTase, proteins that would
normally become farnesylated become geranylgeranylated.12 This dynamic interplay
between CAAX box sequences and different types of prenyltransferases illustrates the
complexity of the prenylation system and suggests how important prenylation may be to
cellular systems.7

1.3 Role of Prenylation in Cellular Systems
Prenylation is thought to play two important roles in cellular systems: anchor
proteins to the cellular membrane and to help stabilize protein-protein interaction.
Prenylation along with methylation are used for membrane localization; however,
prenylation is not sufficient to cause membrane localization nor is it sufficient for
directing specific membrane attachment.13 Current research suggests that the function of
prenylation in many proteins is to guide these proteins close to membranes where upon
other membrane proteins would correctly localize them1. Besides offering a route for
membrane localization, prenylation has been shown to play a role in protein-protein
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interaction. A strong example of this is between the Rab protein and REP, where the
prenylation state of Rab affects its interaction with REP.14
Protein prenylation—and more specifically protein farnesylation—has been
implicated in the development of some cancers. It has been estimated that 20% of all
human cancers involve some type of mutation to a protein that becomes farnesylated.12, 15
This makes PFTase an attractive target for cancer drugs because if PFTase can be
inhibited, it would prevent cancer causing proteins from getting farnesylated and stop the
cancerous cell. PFTase is also an attractive drug target because only about 50 proteins
are known to be farnesylated, as compared to several hundred proteins which are
geranylgeranylated, making PFTase a more specific target for drug design. Due to the
role of PFTase in cancer, many PFTase inhibitors have been developed either by rational
design or by screening large libraries of compounds. From these studies many different
PFTase inhibitors have been developed with subnanomolar efficiency.16

Figure 1.4: This graphic shows the structures of some PFTase inhibitors
and gives their IC50 values.16
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Testing has confirmed that PFTase can be inhibited and that this can help in the treatment
of cancer.17 However, the exact substrates that PFTase acts upon are still unknown. In
some cases, proteins that are normally farnesylated become geranylgeranylated with the
inhibition of PFTase and this still causes the progression of the disease.18 These results
show that more investigation is needed to determine which proteins are actually
farnesylated and then subsequently not farnesylated in the presence of PFTase inhibitors.
Along with the development of PFTase inhibitors have come a similar class of
molecules which are FPP analogues that still allow the reaction to be catalyzed.19 These
molecules are similar to many of the PFTase inhibitors, in that they are designed to
mimic the natural substrate, but different in that they do not inhibit the enzyme itself but
rather still allow the enzyme to catalyze the reaction. Instead of putting an FPP on the
tail of protein, these enzymes attach the FPP analogue instead. There have been multiple
substrate analogues for FPP synthesized by various groups.20
While many of the alternative substrates have helped to further the understanding
of how PFTase binding works and its implication in cancer,8 they have not had great
impact on labs not dealing directly with protein prenylation. However, there are certain
FPP analogues that have the potential to be used as analytical and industrial tools outside
of labs specializing in protein farnesylation. These are FPP analogues that can be used to
perform bioorthogonal reactions in biological systems.

These new probes offer the

potential not only to help further the understanding of farnesylation in the cellular
process, but also to improve the development of various protein conjugates including
protein-polymer,21 protein-DNA,22 and protein-surface interactions.23, 24
8

1.4 Protein Labeling
Installing bioorthogonal groups onto proteins has always been an important goal
in chemical biology. There are several methods in order to install non-natural chemical
groups into proteins. These methods can be broadly categorized as either site-specific or
non-site specific.

Non-site-specific labeling involves targeting common chemical

functional groups on the protein. Early work involved targeting lysines or cysteines with
amine or thiol reactive groups such as succinimdyl esters25 or maleimides.26 More recent
advances involved performing chemical modifications of tyrosine,27 aspartic acid,
glutamic acid, or the termini of proteins.28,

29

While all these methods have their

advantages, one of the major downsides of using these methods is that they can create
multiple labeled proteins or a heterogeneous product mixture.
Enzymatic labeling of proteins offers a way to overcome some of the
disadvantages that occur with non-site-specific labeling. Enzymatic labeling of proteins
is beneficial for a number of reasons: it occurs under mild reaction conditions, has
reasonably fast kinetics and, most importantly, is usually site-specific. Most of the
enzymes used for protein labeling recognize a specific amino acid sequence in order to
catalyze their reaction. This enables any protein to become site-specifically modified
with only the addition of the enzyme recognition domain. These domains vary in size,
from only a couple of amino acids to whole proteins, and also vary in their location on
the protein: some need to be placed either at the N- or C-terminus while others can be
inserted anywhere in the protein sequence. A number of different enzymes have been
used for this purpose.
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A good example of the use of enzymes for site-specific protein labeling is the use
of sortase to attach non-natural molecules to protein. The use of sortase to label proteins,
or “sortagging”, is a good example of an enzymatic labeling technique that is site-specific
and adaptable to a wide range of proteins.30

Sortase recognizes the pentapeptide

sequence LPXTG and cleaves the bond between the threonine and glycine. A new
thioester bond is found between an internal cysteine in the enzyme and C-terminus of the
protein. Afterward an N-terminal oligoglycine moiety undergoes aminolysis with the
thiol-ester to form a new peptide bond.31

Thus any protein containing an LPXTG

recognition domain can become labeled at the C-terminus with a variety of chemical
groups as long as they are attached to an oligoglycine moiety.
This enzyme has been used to great effect, creating a number of different
conjugates from protein-proteins conjugates32 to protein-lipid conjugates33,

34

to even

protein PEG-conjugates.35 (A more compressive review of this can be found Chapter 2).
This type of labeling can be done both in vivo and in vitro, which is valuable both for the
creation of commercial biological therapeutics and for basic scientific research.
Sortagging highlights the value of having an adaptable enzymatic system that can label a
variety of proteins with a wide range of substrates.
Another example of an adaptable enzymatic labeling technique is the use of
lipoic acid ligase. Lipoic acid ligase catalyzes the acylation of the amine group on
lysines with lipoic acid. Similar to PFTase and Sortase, lipoic acid ligase can be used to
label site-specifically because it will not label every lysine but rather lysines that are part
of a 22-mer peptide sequence.36 This sequence can be incorporated on proteins in the
same way as a “CAAX box” or LPXTG motif. Lipoic acid ligase has been used to create
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a variety of protein fluorophore conjugates, mostly in vivo.

While most of the

experiments with lipoic acid ligase have been conducted for cell biology research
purposes, in theory it could be used to create other types of protein conjugates for
different applications.
Lipoic acid ligase is a prime example of how enzymes can be structurally
engineered to be better labeling reagents. While initial studies were performed using an
E. coli lipoic acid ligase, analysis of the crystal structure led investigators to see if
mutation in the substrate binding pocket would allow it to accept larger substrates. They
found that mutating a tryptophan and glutamate residue in the binding pocket to smaller
residues allowed the enzyme to utilize larger lipoic acid substrate analogues that
incorporate fluorophores directly in the analogue and that this would get attached to
proteins.37, 38 Additionally they found that these mutates could use aryl aldehyde and aryl
hydrazine containing analogues.39 Lipoic acid ligase demonstrates how both an enzyme
can be used for site-specific labeling and how engineering that enzyme can make it a
better labeling reagent because those variants can introduce a wider range of functional
groups onto the protein.
Similar studies have showed that mutated PFTase can also be used to incorporate
modified substrates, however, there has not been a thorough investigation of how exactly
those change effect PFTase kinetics or the range of substrates it can accept.40 (Chapter 4
provides more comprehensive review). Understanding these dynamics are important if
PFTase is to become a more valuable labeling reagent.

1.5 Conclusion
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The ability to use enzymes as a labeling reagent and as a tool in biotechnical
processes and research has been shown to be of great value. PFTase builds upon that
ability; it has already begun to be used by used by a number of different researchers both
for site-specific protein labeling as well as for other important functions. This thesis
expands upon that work, elucidating how PFTase can be used for an array of
biotechnological processes: from assay development to protein labeling to creation of a
protein based therapeutic. With these insights into its greater potential for application, it
is hoped that PFTase will change the way that people live, work and play.
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Chapter 2: Review of Site-Specific PEGylation of Therapeutic Proteins
The use of proteins as therapeutics is becoming ever more common in modern medicine.
While the number of protein-based drugs is growing every year significant problems still
remain with their use. Among these problems are quick degradation and excretion from
patients and thus requiring frequent dosing which in turn increases the chances for an
allergic response. One of the main ways to alleviate these problems is to incorporate a
polyethylene glycol (PEG) group onto the protein. This process, called PEGylation, has
grown in recent years and been so successful that there are now several commercially
available drugs. One of the challenges in PEGylation is to incorporate the polymer onto
the protein so that little if any of the protein’s native activity is lost. One way to control
this is incorporate the PEG group in a site-specific manner. The challenge is to find an
appropriate method of site-specific PEG incorporation for any given protein. Recently,
there is has been a great deal of research into various methods to site-specifically
PEGylate proteins. This review seeks to summarize those works that have recently been
done and provide background and context for how site-specific PEGylation is performed.
This paper will look at number of different methods including chemical synthesis,
cysteine tagging, disulfide bridging, histidine labeling, non-natural amino acid
incorporation, and enzymatic incorporation.
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1.1 Introduction
The use of proteins and peptides as therapeutics has a long and successful history for a
number of different drugs. Starting with recombinant insulin in 1982, protein based
therapies have become an important tool in combating disease and illness with over 130
proteins and peptides approved for clinical use by the FDA.41, 42 Due to their large size
and specific conformation proteins have the advantage of being highly specialized for
their binding and/or activity. This means that there is less of a chance for cross reactivity,
which can cause potentially fatal side effects. In addition, since most protein therapeutics
are based on endogenously expressed proteins there is less of a chance of developing an
immunogenic reaction to them. Also because of their vast diversity, proteins can be used
to treat a number of different illnesses: from treating endocrine disorders to combating
various cancers to alleviating autoimmune diseases to being the active agent in many
vaccines.

This diversity makes proteins attractive options for researchers to use in

developing novel therapeutics.43
However, using protein-based therapeutics are not without their own set of
challenges—the biggest drawback being their short half-lives within the body. This is
mainly due to degradation by proteases in the body or by clearance of the protein from
the body by the kidneys. This means that for many protein therapeutics, the dosing needs
to be done frequently, which can cause complications such as eliciting an immune
response44-46 or negative side reactions due to spikes in the protein level that lead to
toxicity.

There may also be problems with general solubility associated with protein

therapeutics.
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There have been a number of different strategies used for increasing a protein’s
half-life in blood47,

48

, including glycosylation49, protein fusions50 and albumin

conjugates.51 One of the popular solutions to overcoming these obstacles is to attach a
poly(ethylene glycol) polymer (PEG) to the protein, a process known as PEGylation (See
Figure 2.1).

Figure 2.1. A general PEGylation strategy. A functional group on a
protein is reacted with a complementary group on a PEG molecule
forming a protein-PEG conjugate.
The PEG moiety offers numerous advantages for increasing a protein’s stability and
circulating half-life. Due to its flexibility, hydrophilicity, variable size, and low toxicity,
PEGylation has been an area of intense research in recent years as the method of choice
for PEGylation proteins. PEG has been approved by the Food and Drug Administration
(FDA) as “generally recognized as safe”.

52

There are currently over 10 different

PEGylated products currently approved by the FDA, with many more potential products
in development (See Table 2.1). Even though the total number of PEGylated drugs is
small compared to the total number of protein based therapeutics on the market, a number
of these PEGylated drugs are considered “blockbuster drugs”. 53 This means that there is
a large potential for growth in commercial PEGylated therapeutics.
The early work with PEGylating proteins and enzymes comes from Frank Davis’s
lab in the late 1970’s.54-57 Their method involved the non-site specific modification of
proteins by linking a methoxy-PEG group to the amino groups present on proteins using
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cyanuric chloride as the coupling reagent. They showed that proteins once PEGylated
had longer half-lives in the blood stream and had a decreased immunological effect.
These early studies demonstrated the value and utility of protein PEGylation.
Since these early studies in protein PEGylation, much research has been
performed into protein PEGylation and how to get the advantages of PEGylation without
some of the disadvantages that come along with modifying the protein’s structure. This
work led to the first commercial PEGylated protein therapeutic of a PEGylated adenosine
deaminase (ADA).58, 59 ADA-PEG is used to treat severe combined immunodeficiency
(SCID) in patients with a deficiency in the ADA protein due to an inherited genetic
condition. The success of this therapy was followed by a number of different PEGylated
protein therapeutics being approved by the FDA, including PEGylated Interferon-2b
(INF- 2b) and Interferon- 2a (INF- 2a) which are used for the treatment of Hepatitis B
and C60-62, L-asparaginase as part of a treatment for certain types of leukemia63 and a
uricase enzyme to break down uric acid as a therapy for gout64. (See Table 2.1)
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Table 2.1: PEGylated Protein Therapeutics Approved by the FDA. Site-specific PEGylated proteins given in bold.53, 65
Drug

Protein

Protein
size
(kDa)
40

PEG
size
(kDa)
5

Functional
Group on PEG

Adagen®

Adenosine
deaminase

Oncaspar®

Asparaginase

31

5

Succinimidyl
ester

PegIntron®

Interferon--2b

19.2

12

Succinimidyl
ester

Pegasys®

Interferon--2a

19.2

40

Neulasta®

Granulocyte
colonystimulating
factor (G-CSF)
human growth
hormone (hGH)

18.8

20

Succinimidyl
ester
Aldehyde

22

5

Succinimidyl
ester

Mircera®

Erythropoietin

40

Succinimidyl
ester

Cimzia®

Anti-tumor
necrosis
factor(TNF)
Fab’
Urate oxidase

30
(18
unglycosy
lated)
51

40

34

10

Somavert®

Krystexxa®

Site of
Attachment

Sitespecific

Year of
Approval

Use

Reference
58

1994

Severe combined
immunodeficienc
y disease
Leukemia

No, but
47.8%
one
isomer
No

2000

Hepatitis C

66

2001

Hepatitis C

67

N-terminal
amine

Yes

2002

Neutropenia

68

Lysines,
Nterminus,
phenylalanine
Lysines

No

2003

Acromegaly

69

No

2007

Anemia

70

Maleimide

C-terminal
cysteine

Yes

2008

71

p-nitrophenyl
carbonate ester

Lysines

No

2010

Rheumatoid
arthritis, Crohn
disease, psoriatic
arthritis
Gout

Succinimidyl
ester

lysines, serines,
tyrosines,
histidines
lysines, serines,
tyrosines,
histidines
lysines, serines,
tyrosines,
histidines,
cysteines
lysines

No

1990

No

63

72
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Most of these therapeutic proteins rely on the non-specific PEGylation of the protein
through the amino groups on lysines and the N-terminus.

While this method is

convenient for the creation of the PEGylated conjugates, it leads to a heterogeneous
mixture of PEGylated material with each PEG conjugate having its own activity and
degradation properties. For instance, the PEGylation of INF- 2a creates eight different
PEGylated proteins through 8 different lysine residues.

The activity level of these

different PEGylated isomers have a three-fold range between the most active isomer and
the least active.67 Similar results have been observed for INF- 2b,66 and other PEGylated
protein therapeutics do contain numerous isomers such as the PEGylated growth factor
analogue.73

While almost all PEGylated therapeutics show a decrease in activity

compared to the unPEGylated version,74 much more of the native activity could be
retained if the PEGylation was controlled so that it created a homogeneous product with
the PEG attached to an area of the protein that will least affect its biological activity.
While most PEGylated protein therapeutics are created through non-specific
PEGylation, there are currently two commercially available therapeutics: a N-terminally
PEGylated human recombinant granulocyte colony-stimulating factor (rh-GCSF),
pegfilgrastin, marketed under the brand name Neulasta68 and a thiol-PEGylated antibody
fragment of the anti-tumor necrosis factor (TNF)- monoclonal antibody, certolizamab
pegol, sold as Cimzia.75
Certolizumab pegol, marketed as Cizmia, is another successful site-specifically
PEGylated protein therapeutic. Certolizumab is a fragment antibody that recognizes
tumor necrosis factor  (TNF), which is partly responsible for the inflammatory effect
for several autoimmune disorders.75 While there are several other antibody based drugs
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on the market that target TNF, such as infliximab and adalimumab,76 certolizumab
pegol is the only PEGylated TNF targeting antibody, which means it requires dosing
only every two weeks.77 Additionally certolizumab is the only commercially available
PEGylated antibody or antibody fragment. It is PEGylated with a 40 kDa PEG moiety by
reacting a C-terminal cysteine with a PEG-maleimide, creating a site-specific proteinPEG therapeutic.65
Pegfilgrastin was developed from an already available human recombinant
protein therapeutic for rh-GCSF, called filgrastim, which was used in the treatment of
neutropenia and its associated infections caused by chemotherapy or bone marrow
transplantation.68

rh-GCSF was shown to be site-specifically PEGylated at the N-

terminus under mildy acidic conditions.78 This method was then used to create a PEG-rhGCSF conjugate using a 20 kDa PEG-aldehyde molecule, where the aldehyde group
forms a imine with the N-terminal amine which then gets reduced to form an amide bond
between the PEG and the protein.65 This conjugate became the commercially available
Neulasta.79

Studies showed that a single injection post-chemotherapy cycle with

pegfilgrastin had comparable effects to daily injections post-chemotherapy with the
unPEGylated form of the protein.80, 81 Since then Neulasta has become a “blockbuster”
drug and in 2012, Neulasta was in the top 20 grossing prescription drugs globally, with
$4.3 billion in total global sales.82
Given the successes of drugs like Cimzia and Neulasta and some of the problems
with non-specific PEGylation, there is significant potential for the development of sitespecific PEGylated proteins. While there have been good reviews of protein PEGylation,
53, 83-86

this article seeks to focus on site-specific PEGylation and its potential for future
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therapeutic development including chemical synthesis, cysteine mutation, thiol bridging,
His-tagging, non-natural amino acids, and enzymatic PEGylation.

2.2 Chemical Synthesis.

One of the simplest ways to site-specific modify a protein is through direct
chemical synthesis where either the protein is generated via solid phase peptide synthesis
(SPPS) and the PEG is incorporated in one of the coupling steps or through direct
chemical attachment of a native chemical feature of the protein. SPPS incorporation has
been used successfully for a number of experiments. Jølck et al. incorporated an alkyne
into a lipopeptide generated by SPPS, then used an azide-PEG molecule to attach the
PEG group to the reside using the Huisgen 1,3-dipolar cycloaddition, also known as the
“click” reaction.87 Deprotection of the other protecting groups and cleavage from the
resin occurred under normal conditions making this method a convenient way to sitespecifically install a PEG group on a peptide or protein that can synthesized by SPPS.
Pandey et al. used site-specific SPPS to incorporate a PEG group on the WW
domain of human Pin 1.88 This method incorporated the PEG group onto the growing
peptide using an Fmoc-Asn(PEG)-OH residue that has been previously described.89 They
wanted to PEGylate this protein domain because its folding energy landscape is well
characterized and it is a -sheet which is a common feature to a number of different
proteins. By studying the effect of PEGylation on this small domain it could help inform
what is happening upon PEGylation to much larger proteins. Interestingly, the authors
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found that the conformation stability is dependent on the length of the PEG chain. While
short PEG groups do increase the rate of folding, longer PEG groups not only increase
the folding rate but also decrease the rate of unfolding. Their findings indicate that not
only do PEG groups help stabilize protein folding they also help prevent protein
unfolding, which may help stabilize the protein-PEG complex in vivo.
Besides using SPPS to chemically label peptides on proteins, other chemical
methods can be used as well. Hydrazine containing PEG molecules can be used to form
linkages with the oligosaccharides of glycoproteins.90

Also, as discussed earlier in

reference to pegfilgrastin, protein cans be site-specific modified at their N-terminus by
reacting the protein at slightly acidic pH with an aldehyde.78, 91, 92 This strategy works by
taking advantage of the fact that pKa for the N-terminal amine is about 7.8 whereas for
the -amino group on lysine the pKa is 10.1.

When the reaction is run at acidic

conditions, the lysine amine group becomes protonated and therefore unable to react with
the aldehyde group, making the free amine on the N-terminus the only site for
modification.
While many of these chemical methods maybe convenient for small polypeptides,
proteins where the N-terminus is not involved in binding or activity, or in oligosaccharide
containing molecules, more sophisticated methods are required to PEGylate the vast
number of other therapeutically relevant proteins.
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2.3 Amino Acid Labeling

2.3.1 Cysteine Tagging. One of the most common methods for site-specific protein
PEGylation is to genetically encode a single cysteine residue into a protein. This method
works as a site-specific method for PEGylation because cysteine accounts for less than
1% of total amino acid content of proteins and many of these cysteines found in proteins
are involved in disulfide bonds making them less susceptible to traditional modifications.
The most common modification is reacting this free cysteine with a maleimide group
attached to a PEG moiety. (See Figure 2.2)

Figure 2.2. Site-specific PEGylation of a protein using cysteine-labeling
method. First a cysteine is encoded onto a protein that lacks any free
cysteines, then that cysteine is reacted with a maleimide PEG group
forming a covalent bond between the protein and the PEG group.
One good example is that the Nidetzky group used this technique to create a
PEGylated version of a L-lacate oxidase (LOX) from Aerococcus viridans, which is an
enzyme that is used as a biological transducer for different biosensors.93 They chose to
mutate a serine residue that was believed to be sufficiently accessible enough for reaction
with a maleimide PEG and because it was not a highly conversed residue between
different members of the -hydroxy acid oxidases and thus would not cause a loss of
activity upon mutation. The results showed that the mutated protein had about half the
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activity of the native enzyme but upon PEGylation there was only a 30% decrease in
activity. While both the PEGylated and unmodified mutant showed about 2.5-fold abated
resistance to enzyme activation as compared to the wild try, it demonstrates the difficulty
that even small changes in protein structure can cause. However, the fact that the enzyme
still retains activity upon incorporation with a PEG makes it a candidate for biosensor
immobilization.
Another recent (2013) use of adding an unpaired cysteine to create a site-specific
PEG conjugate comes from the Yao lab.94 They recently published PEGylation work on
glucagon-like peptide-1 (GLP-1), a promising therapeutic in combating diabetes. They
conjugated the PEG group to the protein through a C-terminal cysteine using a 20K
maleimide PEG derivative. They were able to show that the protein retained its original
structure and that PEGylated protein had similar in vivo effect as the unmodified protein
even after just one minute post-injection. Additionally, the PEGylated GLP-1 showed
decreased blood glucose levels and higher insulin levels even after several hours post
administration, which was not seen with the unmodified peptide. PEGylated GLP-1 also
helped to reverse some of pancreatic tissue damage seen in diabetic mice. Through the
C-terminal cysteine PEGylation, the authors were able to create a protein therapeutic that
has applications to alleviate a number of conditions associated with diabetes. Such
experiments show the simplicity and adaptability of site-specific protein PEGylation.
Additionally, the Pan group used the cysteine labeling method to create mutants
of human thyroid stimulating hormone (rhTSH).95 They found that making a G22C
mutation on the alpha subunit did not result in any significant loss of protein activity.
This mutant also yielded the highest amount of PEGylated product after reaction with a
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maleimide PEG: 85% for the monoPEGylated product. While the mutation itself did not
affect the protein’s binding to its receptor, they did find that there was a size-dependent
decrease in protein receptor binding for the PEGylated product. Finally, they tested the
effect of rhTSH on the levels of the thyroid hormone T4 in vivo. Rats were injected with
either unmodified rhTSH or a PEG conjugate of their G22C rhTSH mutant, in which
case they used a 40 kDa PEG. Rats injected with the unmodified protein showed a rapid
increase in the amount of T4 in their blood stream. However, the amount of circulating
T4 tapers off very quickly for rats injected with the unmodified protein and there is
significantly more T4 in the blood serum of rats injected with the PEG conjugate. This
trend held true for rats injected with just the conjugated protein—even up to 72 hours
post injection. This is another positive, recent example of how site-specific PEGylation
of proteins can be used to improve the duration of proteins in the blood stream and help
to improve proteins for use as therapeutics.
Site-specific cysteine labeling also offers the benefit of being able to easily
change the site of modification to reduce unwanted site effects. The Lee lab has looked at
how different sites of PEGylation affect a protein’s activity and the relationship between
PEG conformation and activity.96 In a 2012 paper, this lab looked at the PEGylation of a
small protein, Exendin-4 (Ex-4-Sys), using a combination of site-specific techniques to
PEGylate the protein. The variant of the peptide they were using contained a C-terminal
cysteine for which they were able to site-specifically PEGylate using a maleimide-PEG.
Additionally, Ex-4-Cys was PEGylated performing a selective PEGylation of the Nterminus using a PEG-aldehyde under acidic conditions.

Finally, Ex-4-Cys was non-

specifically PEGylated using a succinimide PEG to conjugate the PEG group to lysine
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residues. This is non-specific because the protein contains two lysines, so they created a
mix of PEGylated products: PEGylation at K12, at K27 and at both K12 and K27. A cellular
binding assay determined that the C-terminal cysteine PEGylation had the greatest
receptor binding, most likely due to C-terminus being removed from the receptor-binding
site. Additionally, the use of a trimeric PEG group instead of a linear one also improved
receptor binding as the trimeric PEG structure helps push the PEG group further away
from the binding site of the receptor.

The pharmacokinetic properties between the

different PEG moieties did not vary greatly, but were a significant improvement from the
unPEGylated version of the enzyme.
Another recent example of this technique was performed by the Walker lab to
reduce vacuole formation that can be caused by PEGylated protein treatment.97 Vacuole
formation can potentially be a problem for people who are at a higher probability for
renal failure. Recently, researchers have explored whether different sites of PEGylation
would decrease the incidents of vacuole formation.

Xu et al. used site-specific

PEGylation to look at how PEGylating FGF21, a protein that lowers glucose and
increases insulin sensitivity, affects its activity and vacuole formation properties. They
created a library of 15-monoPEGylated versions of FGF21 by creating site-specific
mutations of cysteine at different amino acid residues and conjugating them using a
maleimide PEG group. They found that, in general, compared to N-terminal labeled
FGF21, when the PEG group was labeled with an internal residue there was less of a
decrease in the protein’s activity and was within 4-fold of the unconjugated FGF21. The
results also showed that the closer the PEGylation site was to the carboxy terimus, the
greater the decrease in activity was. These conjugates also had less vacuole formation in
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mice models than compared to just a PEG-Control. The authors of this paper also looked
at how performing a double PEGylation affected activity and vacuole formation. There
was a decrease in activity for the doubly PEGylated variants but it was not so decreased
as to render the protein an ineffective therapeutic. Additionally, they found a dosing
regimen in mice that both reduced glucose levels and decreased body weight without
causing vacuole formation in mice. These low dose double PEG conjugates can be used
to help prevent one of the negative side effects from PEGylation. The introduction of
cysteines to create site-specific PEG conjugates can be used to look at small peptides as
well. The Klok lab has developed small peptides based on the HIV-1 envelope
glycoprotein gp41 which has shown to inhibit virus-host cell membrane fusion.98 They
created a series for PEGylated peptides by adding a cysteine at either the N or C-terminus
or by changing various residues along the peptide chain to cysteines. These cysteines
were then PEGylated by incubating the peptide with a PEG-acrylate to get the final
product. Interestingly, when the peptide was PEGylated at the N or C-terminus, there
was a large decrease in inhibitory activity but when the PEG group was added to an
internal residue, only a small decrease in activity was observed. These PEGylated forms
of the peptide also show about twice the half-life compared to the wild-type peptide in a
trypsin degradation assay.

These types of experiments not only demonstrate that

PEGylation can be used in small peptides but that even in these small molecules, the site
of PEGylation matters for the protein’s activity.
The site where the cysteine mutation takes place is often very important in
determining how much of the original activity of the protein is retained after PEGylation.
Pan et al. used the cysteine mutation method to PEGylate tumor necrosis factor-related
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apoptsis-inducing ligand (TRAIL) by mutating an asparagine to a cysteine and then
PEGylating it with a PEG-maleimide.99 The asparagine they chose to mutate was a site
that is potentially N-glycosylated. Because this site may be naturally used to posttranslationally modified, using this site for PEGylation may not interfere with the
protein’s function as greatly as with other sites.

They found that the site-specific

PEGylation at the N-glycosylation site had drastically improved pharmacokinetic
properties compared to the normal TRAIL protein. Additionally, they compared the
activity and pharmacokinetic properties of the cysteine modified protein to a TRAIL
protein that had been site-specifically PEGylated through the amine at the N-terminus
using an aldehyde containing PEG at acidic conditions. The protein modified at the
natural site of post-translation modification had both improved half-life and clearance
rate but also the activity was greatly improved in an in vitro cell culture model and also in
an in vivo xenograph mouse model.
All these examples highlight the versatility and ubiquity of using cysteine labeling
to create site-specific PEG conjugates.

While there are many advantages to using

cysteine to site-specifically PEGylated proteins, there also exists a number of
disadvantages to this method. Foremost is if the protein of interest contains more than
one free cysteine residue, then this method is no longer site-specific and a heterogenous
mixture of products can form.
While cysteine labeling is the most common natural amino acid to be directly PEGylated,
work has been done to explore other novel reactions with other amino acids. For
example, the Barbas lab has been working on a novel reaction in which tyrosine reacts
with a 4-phenyl-3H-1,2,4-triazoline-3,5(4H)-dione (PTAD) to create a covalent bond
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between a protein and molecule of interest27. Tyrosine is an attractive target because it is
found with relatively low frequency in proteins and more importantly its use in
conjugation does not require any pre-reduction of the protein as with cysteine
modification. They took this idea of tyrosine labeling PTAD derivatives and created a
PEG linked PTAD. They then reacted this PTAD-PEG group with Chymotrypsinogen A,
and at the same time reacted this same protein with an NHS-PEG molecule.100 Because
Chymotrypsin A has four tryrosine residues and fourteen lysine residues, it would be
possible to get a mixture of multiPEGylated products. For the NHS-PEG reactions,
which should label on lysine, they got a mixture of the mono-, bis-, tri- and tetra-PEG
species, but in the PTAD reaction PEGylation only formed a mono adduct. These results
are intriguing because they suggest that even in a protein containing multiple tyrosines, it
may be possible to get a homogeneous product without any other modifications to
protein.

2.3.2 Cysteine Disulfide Labeling. A similar method to labeling a single cysteine
residue is to label a disulfide bond between two cysteines. The advantage to labeling a
cysteine disulfide versus using a cysteine mutation is that with a cysteine mutation there
is the potential for protein dimerization or disulfide scrambling, the latter being especially
susceptible to proteins with multiple cysteines. By labeling through cysteine bridges,
many of these problems can be avoided because the disulfide bridges are usually native to
the protein structure and many extracellular proteins, which are prime candidates for drug
development, contain disulfide bridges. Using disulfides to attach a PEG group usually
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involves reducing the disulfide under mild conditions and then labeling the cysteines with
a bis(thiol)-specific reagent. (See Figure 2.3)

Figure 2.3. PEGylation of disulfide bridges. The disulfide bridge of the
protein is first reduced and then the free cysteines are reacted with a
bridging PEG group. This both attaches a PEG to the protein and still
helps to preserves the protein’s secondary structure.
Balan et al. used this method to site-specifically PEGylate both an L-asparaginase
and interferon -2b (INF).101 They used a three carbon bridge consisting of a ,unsaturated ’-monosulfone dervitized with various PEG groups. Their experiments
showed the L-asparaginase retained its biological activity but that INF had a large
decrease in activity that was, unexpectedly, independent of PEG size. Other groups have
sought to use bridging groups to covalently label disulfide bridges with PEG.
Schumacher et al. used disubstituted maleimides with various leaving groups on the
maleimide ring.102 They found that they were able to effectively site-specifically label
somatostatin with a dithiophenolmaleimide PEG group and that the PEGylated
somatostatin retained its biological activity.
More recently (2013), dithiomaleimides (DMTs) were used to create both
PEGylated and fluorescent proteins and peptides.103

The O’Reilly group created a

fluorescent and PEGylated form of salmon calcitonin (sCT), a small protein used in the
treatment of different bone diseases. Initially they found that when they converted a
dibromomaleimide (DBM) to DMT using mercaptoethanol, the product was highly
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fluorescent. This led them to label sCT using an N-poly(ethylene glycol)maleimide
which reacts with the two cysteines in the protein normally bound in a disulfide bridge.
In this way they were able to create a site-specific PEGylated protein that was also
fluorescent.
As these research groups have shown, using cysteine disulfide bridges to sitespecifically label protein can confer some unique advantages over the traditional single
cysteine modification method and offers potential for use in a commercial viable
therapeutic.

2.3.3 Histidine Tagging.

For the past several decades, immobilized metal affinity

chromatography has been used in the purification of a wide variety of proteins. The
classic example of this is encoding a six-histidine amino acid tag onto one of the ends of
a protein. This tag then complexes to a Ni(II) ion that is bound via nitrilotriacetic acid
(NTA) adsorbent resin. Proteins which lack the His-tag are washed away and the protein
is eluded from the resin with high concentrations of imidazole to disrupt the histidine
Ni(II) binding.104,

105

While this technique has been used extensively for protein

purification, there has been less use to label proteins to enhance their therapeutic value.
Several groups have started exploring whether his-tags can be used to create site-specific
PEGylated conjugates as well as for purification. This method works in a similar manner
to the purification strategy but instead of binding to Ni-NTA attached to a resin, the histag would bind to Ni-NTA attached to a PEG moiety. (See Figure 2.4)
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Figure 2.4. Histidine tag PEGylation. A protein is encoded with a
histidine tag. Once incubated with a Ni-NTA-PEG reagent, a non-covalent
bond is formed between the histidine residues and the nickel ion and thus
PEGylating the protein.
Kim et al. recently published a paper on labeling a protein: a tumor necrosis
factor-related apoptosis inducing ligand (TRAIL), with a six-residue histidine tag and
then labeling that protein with 5 kDa PEG containing a terminal nickel-NTA moiety.
They found that PEGylation gave a higher yield of the final product when the PEG group
was functionalized with two Ni-NTA moieties rather than one. Once the PEGylation was
complete, they discovered that the PEGylated material had a lower activity than
compared to the unPEGylated version. However, the PEGylated form had improved
pharmacokinetic properties such as half-time and AUC parameters.

Finally, mice

containing HCT116 human colon cancer tumor were injected with the TRAIL and
TRAIL conjugates.

The TRAIL PEGylated with two Ni-NTA groups significantly

slowed the growth of the tumor compared to the unPEGylated protein. This method is
convenient because a wide variety of proteins already carry a histidine tag for purposes of
purification, so using this tag to also PEGylate the protein is convenient in that does not
require additional protein modification.
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While this type of histidine has the advantage of being facile to use and sitespecific, it is a non-covalent interaction and thus capable of easier PEG disassociation.
This may be an advantage if the protein-substrate/receptor interaction is greatly perturbed
upon PEGylation; however, having a non-covalent interaction could cause premature
disassociation between the protein and PEG group and thus make the protein susceptible
to normal excretion and degradation pathways.
The Brocchini group has used His-tagging proteins to PEGylate both a domain
antibody (dAb) and interfon -2a but using a covalent bond by conjugating the His-tag to
a PEG-bis-sulfone. PEG-bis-sulfones are capable of undergoing bis-alkyation with the
nitrogen on the imidazole ring of histidine to create a covalent conjugate. This is a
similiar type of chemistry to create PEGylated conjugates that have disulfide bonds but
instead of the two cysteines reacting, it is two histidine residues. They used this method
to create PEG conjugates of domain antibody for tumor necrosis factor  (dAb-TNF)
and interferon--2a (INF- -2a), where the dAb-TNF contained a 6-histidine tag on the
C-terminus and the INF--2a contained an 8-histidine tag on the N-terminus. Since these
proteins contain more than one set of two histidines, they needed to tailor the reaction to
produce the mono-PEGylated species by controlling the reaction pH and concentration of
the reactants. Alternatively, they were able to purify some of the diPEGylated species,
which can be useful for creating different PEGyalated products for the same protein to
test for differences in activity and pharmacokinetics. They found that the PEGylated
dAb-TNF retained about 90% activity in a TNF-mediated cellular cytotoxicity assay.
Additionally, the half-time in blood circulation of the PEGylated products was greatly
increased compared to the unPEGylated sample: the unPEGylated sample was about 5
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min, the mono-PEGylated sample had a half-life of 4.8 h, and the diPEGylated version
had a half-life of 18 h. For the IFN--2a, the PEGylated compounds showed an increase
in their ED50 values from 7 pg/mL for the unPEGylated protein to between 50-300 pg/mL
for the monoPEGylated species, and 370-720 pg/mL for the diPEGylated species. The
half-lives however for IFN--2a were substantially increased with greater PEG length.
UnPEGylated IFN--2a had a half-life of 1.2 h, an INF-20kDa-PEG conjugate had a
half-life of 13.3 h, a diPEGylated version of INF--2a with two 20kDa PEG groups had
a half-life of 25.4, and a 40 kDa and 60 kDa single conjugates had half-lives of 34.1 and
49.3, respectively. This work highlights the versatility that can be achieved by using Histagging to create novel covalently modified site-specific PEG therapeutics.

2.4 Bio-orthogonal Labeling

One novel way to site-specifically attach a PEG group into a protein is to first
incorporate a bio-orthogonal functional group into the protein; that is to incorporate a
functional moiety that does not occur naturally in cellular systems, and once a bioorthogonal functional group is installed in the protein, a PEG molecule containing a
complementary functional group for the group installed on the protein can then be reacted
together to form a new covalent bond between the PEG group and the protein. These
include azides, alkynes, aldehydes, aminooxys, functionalized aromatic groups, and
trans-cyclooctenes.

The challenge in biological chemistry is finding an appropriate

method to site-specifically incorporate these chemical moieties.106 While there are a
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number of different approaches to incorporating these labels into proteins, only a fraction
of them have been used to create therapeutic protein-PEG conjugates. This type of
PEGylation strategy remains an attractive option, though, because this method results in a
single product due to the bio-orthogonal functional group being present at only one
specific place within any biological context. This results not only in a homogeneous
product, but also prevents off-target reactions in case any impurities remain in the
sample. This type of labeling strategy has a great potential in the making of PEGylated
biologics, as currently there are no commercially available products on the market that
incorporate this strategy.

2.4.1 Non-Natural Amino Acid Incorporation. One way to incorporate bio-orthogonal
functionality into proteins is to express the protein with a non-natural amino acid
(NNAA) that contains such a bio-orthogonal functional group. One way to incorporate
NNAAs into proteins is to use an autotrophic strain of bacteria to express the protein.
Auxotrophic bacteria are bacteria that cannot naturally produce a certain amino acid and
must be grown in media containing the amino acid. This works for the incorporation of
NNAAs because once the bacteria have grown to a critical concentration in natural amino
acid supplemented media, the media can then be exchanged for a media supplemented
with the NNAA instead of the natural amino acid and the protein expressed. If the
NNAA is similar enough in structure, para-azido phenylalanine for phenylalanine as an
example, then the NNAA will be incorporated anywhere in the protein that would
normally contain the natural amino acid. If the protein only has one of those amino acids
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in its polypeptide chain, then it becomes a site-specific incorporation. Methionine is the
most frequently used because it is one of the least common amino acids.107
This technique was used by Cazalis et al. to introduce an azido-methionine on to
the C-terminus of a thrombomodulin derivative.108 Once the protein was synthesized
with the site-specific non-natural amino acid, it was reacted with a methyl-5k-PEGtriarylphosphine via the Staudinger ligation.

They tested their PEGylated

thrombomodulin derivative along with the unPEGylated version and a commercially
available thrombomodulin. The results showed that PEGylation had no effect on the
protein’s activity compared to both the unmodified and commercially available versions.
A similar strategy was used to PEGylate another therapeutically relevant protein
except at the N-terminus. Nairin et al. used an auxotrophic strain of E. coli to incorporate
an azide containing residue, azidohomoalanine, on to the N-terminus of interferon -1b
(IFNb).109 Through site-specific PEGylation of IFNb, the activity of the protein would
not be greatly reduced because the site of PEGylation can be controlled and used to
minimize the PEG group’s interference with protein-receptor binding. Nairn et al. used a
methionine auxotrophic strain of E. coli to incorporate the azide amino acid because
IFNb contains no methionines except for the one encoded by start codon. Once the azide
containing IFNb was generated, they explored the different reaction conditions under
which the conjugation between the protein and alkyne containing PEG group could occur
through a “click” chemistry reaction. They found that by using DTT as the reducing
agent they could perform the conjugation reaction at a 2:1 ratio of PEG to protein and
that this condition gave the highest conversion to a final PEGylated product. They found
the in vitro activity of the conjugate decreased with increasing PEG size as compared to a
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commercially available version of INFb, but that the PEG group increased both the total
exposure and elimination half-life of the IFNb in vivo.

To test PEGylated IFNb’s

potential use as a therapeutic, SCID mice containing Daudi tumors were used to compare
the PEGylated to natural versions. IFNb and its PEG conjugates were administered once
a week for nine weeks. The tumor size was measured to see if IFNb could work to
inhibit tumor growth. The results showed that a branch 40 kDa PEG group conjugated to
INFb showed almost no tumor growth for weekly injections compared to significant
tumor growth for an unPEGylated version. When the injections were reduced to every
other week for a PEGylated IFNb, the results showed that there was still a significant
decrease in the rate of tumor growth when using PEGylated IFNb containing a branched
40 kDa PEG moiety, even when compared to the rate of tumor growth for mice injected
three times a week with the commercially available version of IFNb.
Besides using auxotrophic strains of bacteria, which is limited in terms of its sitespecificity because the protein must either contain just one of the substituted amino acids
or—if there are multiple residues—then only one must be accessible for conjugation,
researchers have also used the stop-codon suppression technique to install site-specific
NNAAs for PEG conjugation. Stop-codon suppression works by chemically acylating
tRNA that is complementary to the UAG stop codon with an NNAA.110 This tRNANNAA complex is then injected into cells that express the mRNA for desired protein
which has the UAG codon at the position where the NNAA is to be inserted. The cell’s
own internal machinery then incorporates the NNAA into the growing polypeptide chain,
yielding the desired protein. This technique has been used to create a number of protein
conjugates, including protein PEG conjugates.107
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The Schultz lab has worked on developing this method, expanding it to also work
in E. coli by engineering the tyrosyl tRNA/tRNA synthetase to selectively incorporate an
azido-phenylalanine into proteins. This bypasses the need to chemically acylate the
tRNA with the NNAA. The E. coli can just be incubated with azido-phenylalanine and
the engineered tyrosyl tRNA/tRNA synthetase pair incorporates the NNAA into the
protein.111

They used this method to create an azide containing human superoxide

dismutase-1 (SOD) and then conjugated it to an alkyne containing PEG via the “click”
reaction.112 They showed that they could get site-specific incorporation of both a 5 kDa
and 20 kDa PEG group, and they observed no loss of function between either the azido
modified enzyme or the PEG-conjugated enzyme as compared to the wild-type enzyme.
More recently, Benjamin’s Davis’ group has shown that they can site-specifically
PEGylate proteins using Suzuki-Miyaura coupling by nonnatural amino acid coding to
incorporate a p-iodo-benzylcysteine into a 3-layer-/-Rossman-fold protein and a piodo-phenylalanine into the all--helix protein 275-276. Afterward they performed the
Suzuki-Miyaura coupling using a palladium catalyst with a pyrimidine and guanidine
based ligands, and found that they could incorporate into proteins PEG groups of both 2
and 20 kDa molecular weight that contained a phenylboronic acid functionality.
Interestingly, even in the absence of any ligand to form the catalytic complex, the
PEGyltion reaction still occurred with a greater than 90% reaction yield, suggesting that
the PEG-phenylboronic acid molecule can act as the ligand as well as the conjugation
substrate.
These results highlight how NNAA can be a valuable tool in the development of
protein-PEG conjugates, especially in installing chemical moieties, such as iodo-benzyl
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compounds, that are difficult in getting incorporated using other methods. The drawback
to using this technique is that either requires injecting the cell with the chemical acylated
NNAA-tRNA complex or developing a unique tRNA/tRNA synthetase pair to make the
NNAA-tRNA complex, both of which are very time intensive.

2.5 Enzymatic Labeling

Another method for introducing bioorthogonal chemical moieties on proteins, which can
then be used to covalently PEGylate the protein, is by enzymatic labeling. This technique
uses an enzyme, which usually recognizes a specific amino sequence that can be
appended to the protein, to catalyze the reaction between the protein of interest and an
analogue of the enzyme’s native substrate containing the bio-orthogonal chemical group.
This technique works best for enzymes that are more promiscuous towards their
substrates because it increases the number of different chemical groups which may be
added to the analogue and still get attached to the protein. There are a number of
different enzymes that can be used to attach bio-orthogonal groups including sortase,
biotin ligase, lipoic acid ligase, formylglycine generating enzyme, sialyltransferases,
Phosphopantetheinyltransferase, galactose oxidase, prenyltransferases, transglutaminase
and myristoltransferase.113 While not all of these enzymes have been used for protein
PEGylation, they all offer potential as PEGylation agents for therapeutic proteins. This
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next section will focus on the work that has been done using enzymatic labeling to sitespecifically PEGylate proteins.

2.5.1 Sortagging. The use of the soratase enzyme as a protein labeling reagent has grown
increasingly popular in recent years. This enzyme catalyzes the transpeptidase reaction
between the N-terminal amino group on glycine and a specific internal amino acid
sequence on a protein, usually LPXTG. This results in the formation of a covalent bond
between the C-terminal portion of the amino acid sequence and the N-terminal portion of
the glycine molecule.31 This method of protein labeling is often called sortagging. One of
the most common sortase enzymes used is Sortase A(SrtA) derived from S. aureus,
which recognizes the sequence LPETG and cleaves the peptide between threonine and
glycine residues creating a thioester bond between a cysteine in the active site of the SrtA
enzyme and the protein substrate. This is followed by an aminolysis reaction with the
amino group of the N-terminus of a polyglyicine moiety, thereby creating a new peptide
bond between the protein and polyglycine containing molecule. In the case of protein
PEGylatation, the protein of interest is appended with LPETG tag (hence the name
“sortagging”) and reacted with a PEG group that contains a polyglycine at one end of the
molecule.114 (Figure 2.5)
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Figure 2.5. Specific PEGylation using sortagging. A protein of insert is
encoded with the LPETG peptide sequence followed by any other desired
sequence (red box). The sortase enzyme will then cleave the T/G bond
and attach the triglycine PEG substrate to the protein with a new amide
bond.
There have been several examples of the use of SrtA for sortagging of proteins.
Early PEGylation work with sortase showed that eGFP bearing a C-terminal LPETG
could be PEGylated with a 10 kDa PEG group that contained a terminal triglycine
moiety.115 The results showed that eGFP was effectively PEGylated with the triglycine
PEG and also, interestingly, PEGylation still occurred even when PEG contained only a
simple amine group. This result suggests that a glycine residue is not strictly required for
PEGylation using sortagging, making the PEG substrate much easier to obtain because it
reduces the complexity of synthesis.
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The Ploegh group has been active in using sortagging for a number different
purposes, including PEGylation.35

They have used sortase to PEGylate an IFN2a

containing a C-terminal LPETG sequenced. They PEGylated the protein by incubating
the labeled INF2a with SrtA and GGGK peptide which then contained either 10 kDa or
a 20 kDa PEG group affixed to the -amine group on lysine. They observed only a minor
increase in the IC50 values for PEGylated INF2a as compared to both the unmodified
protein and a native protein standard. Additionally, they tested this method against GCSF and found that LPETG tagged G-CSF could be modified with their 10 kDa PEG.
This modification had a only a small effect on the proteins EC50, raising it from 2.5
pg/mL for the unmodified protein to 3.5 pg/mL for the PEGylated version. They found
that for both proteins the PEGylated version had significantly higher extended circulatory
half-lives than for their non-PEGylated counterpart. These results show that sortagging is
a viable method for the creation of site-specific PEGylated protein therapeutics because
while the tagged and PEGylated proteins do not have significantly decreased activities,
they do have a much higher half-life in the blood stream.
While sortase has been used directly in PEGylation, recently Leung et al. reported
creating protein delivery vehicles using PEG/poly(N-vinyl pyrrolidine) (PVPON) to
create capsules that could be functionalized with a protein coating.116 To functionalize
the capsules with the coating, they incorporated an alkyne in the polymer chain, then used
“click” based chemistry to attach an azide-PEG-GGG molecule to add a polyglycine
moiety to the vehicle. Once the surface was coated with glycine, they used sortase to
immobilize a single-chain variable fragment (scFv) containing the LPETG tag to the
polymer capsule. They then used capsules to coat thrombi derived from blood platelets.
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This method is intriguing because the PEG group is being used for stability purposes but
more importantly for its ability to form biological compatible capsules.
This trend of using sortase mediated PEGylation for labeling large macro particles
with PEG-stabilized proteins has recently been used to label the surface of cells with
proteins.117 This method uses a specialized trifunctional labeling molecule with a lipid
tail to bind into cellular membrane, a 4 kDa PEG intermediate section to help solubilize
and stabilize the protein, and a triglycine head for attachment to the protein. Tomita et al.
used this method to first attach eGFP containing a LPETG sequence near its C-terminus
to HeLa cells. By incubating the cells with their GGG-PEG-lipid reagent and then
incubating those cells with the eGFP-LPETG and sortase, they were able to fluorescently
label the surface of the HeLa cells. This same method was used to label E.G7 cells, a
murine thymoma cell line, with the Fc domain of either IgG1 or IgG2a. Once they
confirmed that this method would label both cell surfaces with desired protein, they
looked at the phagocytosis rate that each protein caused in the E.G7 co-cultured with
immature dendritic cells. They observed that the cells labeled with the Fc domain for
IgG2a had a much faster phagocytosis rate than for cells labeled with IgG1 Fc domain.
These results confirmed what was previously known about the properties of the two
antibody subclasses because IgG1 has a greater affinity for FcRs, a receptor type on
dendritic cells, which when bound to the IgG domain should decrease the rate of
phagocytosis. Thus, using their site-specific PEGylation and anchoring method they
could modulate cell-cell interaction.

This type of research shows that site-specific

PEGylation can also be used for fundamental biological research, and not just limited
toward making more effective therapeutics.
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While currently there are not commercially available PEGylated therapeutics
derived from sortagging, given the availability of substrates and relative simplicity of the
labeling, this makes a very attractive method for future use.

2.5.2 PFTase. Besides sortagging, another useful enzyme to site-specifically PEGylate
proteins is Protein Farnesyltransferase (PFTase). PFTase catalyzes the attachment of a
farnesyl moiety from farnesyl diphosphate (FPP) to a cysteine reside four amino acids
from the C-termini of proteins in what is called a “CaaX-box” sequence where C is
cysteine, a is an aliphatic amino acid, and X is one of a variety of amino acids. PFTase is
a convenient labeling reagent because it will tolerate both a number of different “CaaXbox” sequences as well as modifications to the third isoprenoid group of FPP. PFTase
has been used to label proteins with a number of different FPP analogues including azides
and alkynes,22,

23

for the click reaction; aldehydes and ketones for aminooxy

conjugation;21, 118 NBD119 and anthranilate120 for fluorescent studies; and benzophenone20,
121

and diazotrifluoropropanoyl122 for photolabeling.
The Distefano group has been looking at how to use PFTase as a labeling reagent

to create a number of different protein conjugates. They have developed several novel
FPP analogues for bioconjugation including analogues containing azides and alkynes22, 23
or aldehydes.118 They showed how they could PEGylate eGFP by genetically
incorporating a CVIA tag at the C-terminus, prenylating it using an aldehyde containing
FPP analogue and then conjugating the modified protein to an aminooxy-10 kDa PEG
molecule via an oxime ligation reaction.123 (Figure 6)
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Figure 2.6. A protein is encoded with a “CaaX” tag. PFTase enzyme
attaches a farnesyl aldehyde analogue via a thiol ether bond to the cysteine
of the “Caax” box. Afterward a secondary reaction is performed with an
aminooxy-PEG group to form a new oxime bond between the protein and
the PEG group.
Additionally they showed that the eGFP can be rapidly purified and PEGylated with this
method as well. In order to accomplish this rapid purification and PEGylation, eGFP is
first prenylated in the cell lysate and then conjugated to hydrazine containing agarose
beads. The lysate is washed away from the beads and the eGFP is released from the
beads by reacting it with an aminooxy-PEG which forms the more stable oxime bond as
compared to the hydrazone bond between protein and the beads. This not only results in
purified eGFP but in PEGylated eGFP as well.
Several other proteins have been PEGylated using the PFTase labeling method in
addition to PEGylate eGFP. Rashidian et al. showed that the PFTase labeling method
could be used to PEGylate Glucose-Dependent Insulinotropic Polypeptide (GIP). GIP is
a small protein (~7 kDa) that has been investigated for treatment of type 2 diabetes
because of its ability to cause insulin secretion at high blood glucose levels. One of the
main disadvantages of using GIP as a therapeutic is that it has a short circulating half-life.
GIP modified with a mini-PEG has shown resistance to proteolytic degradation while
preserving its activity. Rashidian et al. showed that GIP encoded with a C-terminal
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CVIM tag could be PEGylated with a 5 kDa PEG molecule using their PFTase based
strategy on a purified sample of GIP or using their rapid purification and PEGylation
method on protein.
Additionally, the Distefano lab has investigated alternative catalysts that will help
to increase the kinetics of the modified protein-PEGylation reactions. This research led
them to identify m-phenylenediamine (mPDA) as 15-times more efficient at catalyzing
the reaction between an aldehyde and an aminooxy moiety.21 They used this new catalyst
to PEGylate eGFP performing in lysate prenylation followed by the capture and release
strategy from hydrazine beads. They used this same catalyst to PEGylate a Dihydrofolate
reductase (DHFR) protein conjugated to a ketone group by using stop-codon suppression
to incorporate p-acetyl phenylalanine. DHFR is being investigated for a number of
different biotechnological applications.124, 125 Rashidian et al. were able to PEGylate this
protein with the mPDA catalyst and that it showed 2.5-fold increase in the observed rate
as compared to aniline.
Overall, using PFTase as a site-specific enzyme for protein labeling offers several
advantages in that it utilizes a small amino acid, can be used with a number of different
bio-orthogonal reactions and has fast kinetics.

These advantages should help make

PFTase labeling an important tool in the creating of PEGylated therapeutics.

2.5.3 GlycoPEGylation. Even the best-designed amino acid tags can sometimes inhibit a
protein’s function. One of the ways to avoid this problem is to use an enzymatic posttranslational modification that naturally occurs within a protein to install a PEG moiety.
A common post-translational modification is glycosylation where a saccharide group is
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covalently transferred onto a protein. Several important therapeutic proteins, including
granulocyte colony stimulating factor (G-CSF), interferon- 2b (IFN-2b), and
granulocyte/macrophage colony stimulating factor (GM-CSF), are naturally glycosylated
via a hydroxyl group on either an internal serine or threonine, referred to as Oglycosylation.
DeFrees et al. showed that they could PEGylate G-CSF, GM-CSF and INF-2b
using several different glycosylation strategies.126 The first involved identifying which
enzymes can glycosylate the different proteins. Short peptide sequences based on the
internal protein glycosylation sites for G-CSF, GM-CSF and INF-2b were screened
against a panel of different glycotransferases and identified several different Nacetylgalactosaminyltransferases (GalAc-T) that could efficiently glycosylate the three
proteins. They initially glycosylated these proteins with an O-glycan and then followed
this glycosylation using a sialyltransferase to covalently attach a sialic acid residue in
which the PEG group was attached (Figure 2.7).
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Figure 2.7. GlycoPEGylation of proteins. A protein which is naturally
glycosylated is incubated with a galactose transferase and a uridine 5diphospho-N-acetylgalactosamine (UDP-GalNac). GalNac is represented
by a red box. Once the GalNac is installed on the protein, it is next
incubated with a sial acid group containing a PEG moiety (shown as pink
hexagon) and a sailyltransferase enzyme. The enzyme adds the sialylPEG
group to the GalNac residue and thus the protein becomes covalently
PEGylated.
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This method allowed for site-selective modification because only where the protein was
glycosylated by the GalAc-T enzyme will the sialic acid-PEG conjugate be attached.
Additionally, this means that the PEG group is attached to a site-specific point on the
protein that is naturally modified, thus helping to retain some activity that is normally lost
due to PEGylation.
They tested their PEGylated versions of G-CSF and INF-2b for both
pharmacokinetic properties and bioactivity.

With INF-2b their PEGylated version

showed significantly lower clearance rate than for the unPEGylated form and that the
PEGylated form retained biological activity. Interestingly, when they tested the G-CSF
protein they compared it not only to the unmodified version but also to a G-CSF that had
been PEGylated through chemically coupling at the amino terminus. They found that
both PEGylated versions of G-CSF had a significantly lower (5-fold) clearance rate than
the non-PEGylated version of G-CSF and with the glycoPEG version having a slightly
higher (1.8-fold) area under the curve dosing profile as compared to the chemically
PEGylated version. The glycoPEG G-CSF also showed the greatest activity at simulating
white blood cell production after injection into mice; even better than for the chemically
PEGylated version. This result indicates that using natural glycosylation sites on proteins
for enzymatic PEGylation offers all the advantages of traditional PEGylation but
eliminates some of the side effects that come with modifying a protein’s structure.
GlycoPEGylation has also recently been used in the development of treatment for
hemophilia.

Several important proteins used in the treatment of hemophilia, called

coagulation factors, are naturally glycosylated. Initial work looked at how PEGylation
can be used on coagulation factors that contain N-glycans. Stennicke et al. made a
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glycoPEGylated version of coagulation factor VIIa (FVIIa).127 This method involves
producing and purifying the protein from mammalian cells and then removing the natural
sialic acid moiety with a sialidase. Once the sialic acids have been removed, the protein
is PEGylated using a sialyltransferase and a PEG containing sialyl analogue. After the
PEGylation, the protein is separated from the other reagents and the final step is to cap
any free Gal moieties by incubating the protein with the natural sialic acid substrate and
sialyltransferase. They used this method to PEGylated FVIIa with a range of different
PEG groups from 2 to 40 kDa. They found that while PEGylation caused only a small
reduction on the protein’s activity, it does extend the time that the protein interacts with
its cell surface receptors, which could allow for an extended half-life in the circulation.
Later work found that PEGylation had very minimal change on the structure of the
protein by comparing coagulation factor FVIIa to PEGylated FVIIa and this work also
revealed that PEGylation actually slightly stabilized the protein in terms of its thermal
stability and kinetic stability.128
This work was expanded to create a glycoPEG version of coagulation factor IX
(FIX).129 Østergaard et al. used a similar method to create PEGylated FVIIa to get a
PEGylated version of FIX. This PEGylated FIX showed only a minimal perturbation of
the activity compared to the unmodified protein but remarkably improved half-life in
animal models, increasing from 16 hours for the unmodified protein to 113 hours for the
PEGylated protein. This glycoPEGylated protein is being investigated for therapeutic use
in clinical trials.130
This type of PEGylation strategy has been extended to look at the
glycoPEGylation through O-glycans instead of N-glycans.131 Turoctocog alfa, a
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recombinant form of coagulation factor VIII (FVIII), which is used as another treatment
of hemophilia, has a unique O-glycan on the B-Domain suitable for glycoPEGylation.
This PEGylation strategy requires that first the protein is produced in mammalian cell
culture then all the sialyl groups are removed by a sailidase enzyme. The protein is then
PEGylated by incubating it with the PEG-sialic acid analogue and a sialyltransferase,
ST3GalI, which specifically transfers the non-natural analogue to the O-glycan site.
After PEGylation, the protein is incubated with the natural sialic acid substrate and a
different sialyltransferase, ST3GalIII, which then reattaches the sialic acid moieties back
to the N-glycan sites. This O-glycoPEGylated FVIII showed a two-fold prolonged halflife in animal models, and similar potency and efficacy as compared to the unmodified
protein. This demonstrates that glycoPEGylation can be applied to a variety of different
types of glycans.
Recently, Park et al. used a combination of sialic acid and galactose-mediated
chemistry to glycosylate thyrogen (rhTSH) and then used either a chemical method or a
galactose oxidase to add an aldehyde group to the protein, which they then used to
conjugate an aminooxy-PEG.132 This method, like the previous glycosylation methods,
has the advantage in that it is both site-specific and that the site of PEGylation is naturally
covalently linked to another type of moiety, in this case a carbohydrate, and should
therefore interfere less with the enzyme’s activity.

This group showed that upon

PEGylation using the glycolystion/PEGylation method rh-TSH showed a decreasing
inhibitor activity as both the size of the PEG group and number of sites of PEGylation
increased. However, the IC50 values of all PEG conjugates were within 10-fold of the
unmodified protein, meaning they retained at least some of their original function.
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Additionally they found that using this PEGylation method, rh-TSH conjugated with 40
kDa PEG groups, had a 23-fold increase in plasma half-life as compared to unmodified
rh-TSH. They also showed that in mouse models the T4 thyroid hormone level rapidly
rose with injection of the unmodified rh-TSH protein but that circulating T4 was no
longer detectable after 48 hours. In contrast, mice injected with rh-TSH PEG conjugates,
both a mono-40 kDa PEG conjugate or a multi-10 kDa PEG conjugated, showed
increased levels of the T4 hormone even after 72 hours postdose for both conjugates.
Using glycotransferase in order to PEGylate protein is an attractive strategy for
the site-specific PEGylation of proteins containing natural glycosyl groups. It offers the
ability to create a homogeneous product like other site-specific PEGylation strategies but
also has the advantage of being much less disruptive to natural function of the protein
because the site of PEGylation is naturally modified in the normal system. Based on the
favorable results with coagulation factors, glycoPEGylated therapeutics should start
becoming available in the near future.

2.5.4 Transglutaminase. Another enzyme that has been used quite frequently for protein
labeling is transglutaminase. Transglutaminases are a class of enzymes which create a
convalent bond between a primary amine, normally the -amino group on lysine, and the
carboxamide group of glutamine via an acyl transfer reaction. The glutamine group
needs to be in a flexible loop portion of the protein in order for the reaction to occur.
Transglutaminase is a very attractive option for protein PEGylation because they are
rather promiscuous in the primary amine they will accept as substrates, so as long as the
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PEG group contains a primary amine it will most likely be a substrate for the enzyme.
(Figure 2.8)
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Figure 2.8. Transglutaminase PEGylation. A protein with a glutamine
residue in a flexible loop is incubated with a TGase enzyme and a PEG
molecule containing a primary amine. The TGase will PEGylate the
protein, creating a new covalent bond.
Due to this promiscuity, transglutaminase has been used to create a number of
different therapeutically relevant proteins including human growth hormone (hGH),
salmon calcitonin133, interleukin-2,134, 135 and apomyoglobin.136 There are also several
very thorough reviews of using transglutaminase to modify proteins.137-139 This portion of
the article will focus on the development of PEGylated therapeutics and strategies used to
site-specifically PEGylate proteins with TGase.
The Pasut lab has looked to see if there is a difference between chemical
PEGylation versus enzymatic PEGylation.140 They looked at how PEGylating human
growth hormone (hGH), a therapeutic protein for a number of endocrine conditions,
differed depending on whether it was performed chemically at the N-terminus or
enzymatically using transglutaminase. A PEG aldehyde was used to selectively label the
N-terminus of the protein. As noted above, when performing the chemical reaction at
pH=5, only the N-terminal amine group will react because all the -amino groups on
lysine will be protonated. In this way selective N-terminal PEGylation was performed on
hGH. In the same paper, they also describe performing an enzymatic labeling reaction on
hGH with transglutaminase (TGase). Using a PEG that carries a primary, they were able
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to covalently attach PEG to hGH. Interestingly, even though hGH carries 13 glutamine
residues, 63.3% of the reaction product was the monoPEGylated form. The PEGylation
site was also only through a glutamine at position 141. This demonstrates the fact that
while TGase may be promiscuous in terms of the amino substrate it will accept, the
enzyme will only catalyze the reaction for glutamines in a particular protein environment.
After performing the PEGylation reaction both chemically and enzymatically, the
authors looked at the pharmacokinetics of the PEGylated hGH as compared to the
unmodified protein by giving the protein intravenously to rats and detecting for hGH in
blood plasma. They found that the pharmacokinetics were greatly improved for both
types of PEGylated proteins and that the site of PEGylation did not significantly change
the pharmacokinetic parameters. However, the in vivo potency of the modified proteins
still has yet to be determined, and that will probably be more affected by the site of
PEGylation.
One of the main problems involved with using TGase to PEGylate proteins is that
it is hard to predict which glutamine will become labeled. While not all glutamines will
become PEGylated, it is not obvious which ones will and which ones will not and it could
be possible that multiple glutamines will get labeled. One area of research has been to
develop methods to identify which glutamines become PEGylated by TGases and
determine whether a particular type of TGase is specific for a given protein. Sato et al.
showed the effective use of a microbial TGase: they could site-specifically modify
interleukin-2 with a sugar moiety as well as a PEG moiety.135 Mero et al. developed an
MS screening method to identify the specific residues that became PEGylated using
microbial TGase with a low molecular weight monodisperse PEG.136 They tested this
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method with several different therapeutically relevant proteins: G-CSF, hGH and
apomyoglobin.
Besides directly screening for the site of PEGylation, Maullu et al. developed a
computational model to attempt to identify which glutamines would become PEGylated
by bacterial TGase.141 They developed a computer program model which correctly
predicted that only one glutamine site (Q134) of a possible 17 sites on G-CSF becomes
PEGylated by their microbial TGase. This led them to formulate some conclusions about
the site of PEGylation: the site should be solvent exposed and in a flexible region, a
proline close to a glutamine reduces the probability it will be PEGylated, and that with
glutamines close to each other it is probable that only one will be PEGylated as steric
hindrance of the newly attached PEG group will prevent PEGylation of the other site.
In addition to using computational methods to determine whether or not a protein
will be site-specifically PEGylated by transglutaminase, another tactic is to develop new
variants of transglutaminase which are site-specific to a single glutamine on the protein
of interest. One way to develop these new enzymes is to screen a library of different
transglutaminases to find variants that are site-specific.142 Zhao et al. developed a highthroughput transglutaminase assay that measures the amount of a radiolabeled putrescine
that gets incorporated into a protein. They used this method to screen mutants of
microbial TGase for site-specificity against human growth hormone which contains two
glutamines (Q40 and Q141) that normally undergo labeling with their wild-type enzyme.
They made two mutants of hGH: Q40N and Q141N. After incubation with the mutant
TGase and the radiolabeled putrescine, they could compare the ratio of radiolabelled
Q40N to Q141N to determine the site-specificity of each mutant. They used this method
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to find a TGase mutant that was specific for only labeling Q141. While they used this
method to find one specific mutant for hGH, it is theoretically applicable for any protein.
While transglutaminase is convenient to PEGylate a wide variety of proteins, the
largest obstacle still to overcome is developing a reliable site-specific TGase-PEG system
easily adaptable to a wide variety of proteins. However, with advances in screening and
modeling techniques, this hurdle should be overcome.

2.5.5 Formylglycine-generating enzyme (FGE). Formylglycine-generating enzyme
(FGE) is an enzyme that catalyzes the oxidation of a cysteine to a formylglycine, thus
installing an aldehyde group onto the protein.143

The Berotizzi lab has recently

developed an FGE consensus sequence, CXPXR, that is recognized by the enzyme.144
They were able to add this sequence to the N-terminus of a mycobacterial
sulfotransferase and the C-terminus of maltose binding proteins. They showed that the
proteins underwent conversion to the formylglycine by FGE and subsequent PEGylation
with aminooxy containing PEGs range in molecular weight from 5 to 20 kDa. (Figure
2.9)
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Figure 2.9. Formylglycine PEGylation. The FGE enzyme will convert a
cysteine in CXPXR consensus sequence to an aldehyde containing
formylglycine residue. This new aldehyde can then be used to react with
an aminooxy containing PEG molecule to create an oxime bond between
the PEG and the protein.
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This offers yet another enzymatic way of adding a site-specific PEG moiety onto a
protein, helping to further expand the toolbox available for researchers and clinicians.

2.6 Perspectives and Conclusions.
The site-specific PEGylation of proteins offers a number of unique advantages over other
types of protein modifications including increases in activity over non-specific labeling,
enhanced stability of the protein, and longer in vivo half-lives. The number of different
ways in which to site-specifically PEGylate proteins keeps evolving as new, more
sophisticated methods are being developed everyday.
There is a great need for site-specific protein PEGylation. While there are several
hundred commercially available protein therapeutics, there are only a few PEGyated ones
and just two site-specific PEGylated protein drugs. This lack of site-specific PEGylated
drugs, despite all the advantages site-specific PEGylation offers, gives companies and
researchers a lot of room for rapid growth potential. Developing new site-specific PEGconjugates is an attractive target because many of the therapeutic proteins are already
approved by regulatory agencies for use in people and PEG has also been approved for in
patient use. This means that new PEGylated products based on existing commercially
available therapeutics would not be under the same regulatory scrutiny as a brand new
drug. This means a faster timeline from research to market.
There are two main ways in which these site-specific PEG-proteins evolve: either
through adopting existing strategies to previously unPEGylated proteins or developing
new PEGylation strategies. The most common way is to take more established site-
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specific PEGylation methods, especially cysteine labeling, and apply this method to a
known protein of interest. While cysteine labeling with a maleimide PEG has its
advantages in that it is well-established, easy to perform and PEG maleimides are
commercially available, it does require the protein to have one and only one free cysteine
in order to be site-specific. This limits its adaptability and requires protein structural
information to ensure that if the protein does contain multiple cysteines, these residues
are either involved in a disulfide bond or sufficiently shielded within the protein’s core so
as to not react with the PEG maleimide.
Site-specific enzymatic PEGylation appears to be one of the largest areas for
growth in the site-specific PEGylation field. While there are numerous site-specific
enzymatic labeling methods including sortagging, biotin ligase tagging, lipoic acid ligase
labeling,

formylglycine

Phosphopantetheinyltransferase

generating

enzyme

labeling,

sialylation,

labeling,

galactose

oxidation,

prenylation,

transglutamination and myristolylation, only a handful of these methods have been
employed to make site-specific PEG conjugates. Currently there are no commercially
available products that use enzymatic PEGylation. Given their mild reaction conditions,
availability of substrates and rapid kinetics, enzymatic labeling seems primed to enhance
the field of protein PEGylation.
In conclusion, given the wide variety of techniques available, the increase in
research in the field and the desire for better pharmaceuticals, site-specific protein
PEGylation will continue to play a key role in the development of therapeutic proteins.
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3. PFTase use in an enzyme-coupled continuous fluorescence assay for farnesyl
diphosphate synthases
Reproduced with permission from Jonathan K. Dozier and Mark D. Distefano. An
enzyme-coupled continuous fluorescence assay for farnesyl diphosphate synthases. Anal.
Biochem. 2012, 421, 158-163. © 2011 Elsevier Inc.

Farnesyl diphosphate synthase (FDPS) catalyzes the conversion of isopentenyl
diphosphate and dimethylallyl diphosphate to farnesyl diphosphate, a crucial metabolic
intermediate in the synthesis of cholesterol, ubiquinone and prenylated proteins;
consequently, much effort has gone into developing inhibitors that target FDPS.
Currently most FDPS assays use either radiolabeled substrates and are discontinuous, or
monitor pyrophosphate release and not farnesyl diphosphate (FPP) creation. Here we
report the development of a continuous coupled enzyme assay for FDPS activity that
involves the subsequent incorporation of the FPP product of that reaction into a peptide
via the action of protein farnesyltransferase (PFTase). By using a dansylated peptide
whose fluorescence quantum yield increases upon farnesylation, the rate of FDPScatalyzed FPP production can be measured. We show that this assay can be used to
conveniently monitor FDPS activity in a 96-well plate format and that it can reproduce
IC50 values for several previously reported FDPS inhibitors. This new method offers a
simple, safe and continuous method to assay FDPS activity that should greatly facilitate
the screening of inhibitors of this important target.
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3.1 Introduction
Farnesyl diphosphate synthase (FDPS) catalyzes the reaction between two
isopentenyl diphosphate (IPP) molecules and one dimethylallyl diphosphate (DMAPP)
molecule to produce farnesyl diphosphate (FPP).

It does this through a sequential

process where one IPP molecule and one DMAPP molecule react to form geranyl
diphosphate (GPP), followed by a second reaction between GPP and an additional IPP
molecule to create FPP. This 15 carbon diphosphate is a key biosynthetic intermediate in
the formation of a variety of small molecules including cholesterol, heme, ubiquinone,
and geranylgeranyl pyrophosphate145 as well as prenylated proteins146.
FDPS is a promising target for the development of therapeutics because it has
been implicated in a number of different diseases including malaria147, Chagas’
disease148, osteoporosis, hypertension and heart disease149 and many different types of
cancers150. To date, there are only a few FDPS inhibitors on the market, including
alendronate (Fosamax®), zoledronate (Zometa®) and risedronate (Actonel®)151. These
inhibitors target diseases of osteoclasts, mainly because they are all based on a nitrogencontaining bisphosphonate motif. This type of chemical moiety causes the inhibitors to
localize in bone tissue which renders them effective in several types of osteopathologies
but relatively ineffective against other cell types. Such functionality also results in
cellular accumulation in certain parasites involved in a number of different diseases,
because these types of organisms contain a higher level of pyrophosphates152.
Recently, considerable effort has been invested in developing FDPS inhibitors
based on alternative scaffolds (including non-bisphosphonates) that allow other tissue
types and parasite-derived forms of FDPS147, 153 to be targeted. There are several limits
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in analyzing inhibitors of FDPS activity: the most widely used assays are discontinuous,
time and labor intensive, and involve the use of radiolabelled substrates or only measure
the release of pyrophosphate154, 155 and not FPP production and can hence be susceptible
to artifacts. The most common FDPS assay involves using radiolabeled IPP in the
enzymatic reaction followed by separation of residual IPP from FPP and subsequent
quantification of radioactivity via liquid scintillation counting. Clearly, such a laborintensive process is an impediment to efficient high throughput screening.

As an

alternative, a continuous spectrophotometric assay for FDPS has been developed156, 157.
That assay uses a series of coupled enzymatic reactions where a pyrophosphatase initially
converts the diphosphate product, generated in the FDPS reaction, to inorganic
phosphate. The resulting phosphate is then used by a purine nucleoside phosphorylase to
convert 2-amino-6-mercapto-7-methyl-purine riboside to ribose 1-phosphate and 2amino-6-mercapto-7-methyl-purine; the purine product of that last reaction is UV active
and its production can be monitored at 360 nm (360 = 11,000 M-1•cm-1). While the
resulting assay is continuous, its limit of detection is approximately one nanomole of
product. Additionally, because the assay monitors phosphate production, it is prone to
artifacts due to background phosphate production when performed using biological
extracts. Finally because this assay involves the use of two coupling enzymes to measure
FDPS activity, there is increased likelihood for the assay to yield false positives in
inhibitor screening since inhibition of either of the coupling enzymes will result in
apparent reductions in FDPS activity.
Protein Farnesyltransferase (PFTase) catalyzes the post-translational attachment
of a sesquiterpenoid farnesyl moiety onto the C-terminal ends of proteins which contain a
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four amino acid consensus sequence commonly referred to as a “CAAX box” where C is
cysteine, “A” refers to aliphatic amino acids and “X” is a directing residue, typically
serine or methionine7. PFTase catalyzes the reaction using FPP as a substrate and links it
to the target protein via a thioether bond. Prenylation plays a role in targeting proteins to
the plasma membrane and is critical for enabling key protein-protein interactions to
occur158. It has been implicated as a possible therapeutic target for cancer treatment
because mutated forms of RAS are present in many human cancers, but in order for these
oncogenic variants to be active, they must be prenylated159.
In 1992, Pompliano and coworkers developed a continuous spectrofluorimetric
assay for monitoring the activity of PFTase160 that has been extensively used by a number
of groups

161, 162

.

This assay uses FPP and a CAAX box-containing peptide

functionalized with an N-terminal dansyl glycine residue.

In this continuous assay,

farnesylation of the peptide results in an increase in dansyl group fluorescence (an
environmentally sensitive fluorophore) due to the increase in hydrophobicity that occurs
in the peptide upon prenylation. Since the smaller isoprenoid diphosphates DMAPP and
GPP are relatively poor substrates for PFTase, we reasoned that the production of FPP by
FDPS could be coupled with its subsequent incorporation into a peptide substrate
catalyzed by PFTase. Several groups have developed coupled assays to detect FPP based
on this sequence of enzymatic reactions, but in all cases to date, the assays have been
discontinuous in nature163, 164. The amounts of prenylated products were determined via
HPLC separation and peak integration. We hypothesized that by using a dansylated
peptide as noted above, a continuous increase in fluorescence would occur as FPP is
generated by FDPS and transferred to the peptide by PFTase (Figure 3.1). In this report
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we describe this new assay and demonstrate its utility by employing it to measure the
IC50 values for several inhibitors of FDPS.

Figure 3.1. Coupled enzymatic scheme for assaying the activity of FDPS.
FDPS converts one IPP and one DMAPP molecule into one GPP
molecule, then converts that GPP molecule into FPP with an additional
IPP molecule. Once the FPP is generated PFTase catalyzes the attachment
of farnesyl to a dansylated CAAX peptide. Measuring the fluorescence
intensity at an excitation wavelength of 340 nm and an emission
wavelength 505 nm allows the direct monitoring of prenylated peptide
which is directly related to the amount of FPP produced by FDPS.

3.2 Methods and Materials

3.2.1 FDPS Purification
E. coli JM109(DE3) cells containing a derivative plasmid of pUCmod that
encodes E. coli FDPS (IspA) previously described by Schmidt-Dannert and
coworkers165 were grown in LB media containing 150 g/mL of ampilicin. E. coli was
grown directly from stock cells stored at -80oC. Initially, they were grown overnight at
37oC with shaking at 240 rpm. The next morning, one liter flasks were innoculated with
10 mL of the overnight culture and grown to an OD600 of approximately 0.8. Cells were
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harvested by centrifugation at 5400xg, and the cell pellets (one pellet equivalent to one
liter of cell growth) were frozen and stored at -80oC.
FDPS was purified using a previously reported procedure
modifications.

165

with minor

Briefly, E. coli cell pellets expressing FDPS were thawed and

resuspended in 50 mL of 50 mM phosphate buffer (pH=8.0), 50 mM NaCl, and 1 mL of
protease inhibitor cocktail, a cocktail developed for His-tagged proteins (SigmaAldrich, #
P8849).

This was loaded onto a 25 mL Ni-NTA column bed that had been pre-

equilibrated with the cell suspension buffer. This column was then washed with 100 mL
of a 50 mM phosphate buffer (pH=8.0) containing 300 mM NaCl, followed by a second
wash with 200 mL of a 50 mM phosphate buffer containing 300 mM NaCl and 20 mM
imidiazole. The enzyme was eluted from the column with a 50 mM phosphate buffer
(pH=8.0) containing 300 mM NaCl, and 300 mM imidazole. Fractions containing the
enzyme were pooled together and concentrated and then diluted three times with a 12fold dilution with 50 mM Tris-HCl (pH=8.0) using an Amicon® Ultra-15 centrifugal
filter device (Millipore). After concentration, the enzyme was diluted to 50% glycerol
(final enzyme concentration of 2 mg/mL) and stored at -80oC. This purification typically
yielded 2 mg/L of liquid culture of FDPS with a purity of 80%.

3.2.2 PFTase Purification
A frozen stock of BL21(DE3)pLysS E. coli cells containing yeast PFTase on a
CDF-Duet1 vector, created by the Lorena Beese lab using a design previously employed
for the mammalian PFTase166, was used to inoculate a small culture of LB containing 50
g/mL of streptomycin and grown overnight at 37oC with shaking at 240 rpm. The next
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morning, flasks containing 1 L LB media were inoculated with 10 mL of the overnight
culture and grown to an OD600 of approx. 0.8. Cells were then induced with 1 mM IPTG
and supplemented with 500 M ZnSO4 followed by incubation overnight at 15oC with
shaking at 250 rpm. Cells were harvested by centrifugation at 5400xg, and the pellets
(one pellet equivalent to one liter of cell growth) were frozen and stored at -80oC.
Two cell pellets were thawed and resuspended in 50 mL of a buffer containing 50
mM Tris-HCl (pH= 7.0), 200 mM NaCl, 5 M ZnCl2, 5 mM MgCl2, 20 mM imidazole,
and 1 mM -mercaptoethanol (Lysis Buffer). To this mixture was added 1 mL of
protease inhibitor cocktail, a cocktail developed for His-tagged proteins from
(SigmaAldrich, #P8849). Cells were pulse sonicated for a total of five min (10 s on, 10 s
off) at 50 W followed by centrifugation at 13,000xg for 30 min to remove insoluble cell
material. The soluble fraction was then loaded onto a 30 mL Ni-NTA column bed
equilibrated with lysis buffer at a rate of approximately 2 mL/min and the column was
washed with lysis buffer until the A280 dropped to 0.25 (approximately 200 mL). The
desired protein was then eluted using buffer containing 50 mM Tris-HCl (pH= 7.0), 20
mM NaCl, 5 M ZnCl2, 5 mM MgCl2, 250 mM imidazole, and 1 mM -mercaptoethanol.
Fractions containing PFTase were pooled in an Amicon® Ultra-15 centrifugal filter from
Millipore, and concentrated to 4 mL. This was diluted three times at a ten-fold dilution
with 50 mM Tris-HCl, 200 mM NaCl, 5 M ZnCl2, 5 mM MgCl2, and 1 mM mercaptoethanol buffer and stored in the latter buffer containing 50% glycerol at -80oC.
This purification typically yielded 13 mg/L of liquid culture of PFTase with a purity of
90%.
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3.2.3 FDPS Assay Conditions
For the FDPS assays, N-dansyl-GCVIA, prepared as previously described167, was preincubated with DTT for one h to insure that no disulfide was present. After incubation,
the peptide DTT solution was used to make a FDPS assay solution that had a final
concentration of 2 M Dansyl-CVIA, 5 mM DTT, 50 mM Tris-HCl (pH=7.5), 10 mM
MgCl2, 10 M ZnCl2, 0.04% n-dodecyl -D-maltoside, 50 M IPP and 50 M DMAPP.
For the enzyme concentrations 5 M of FDPS and 120 nM of PFTase were used. All
these reagent concentrations were standard for all FDPS reactions unless otherwise noted.
The reactions were performed in 96-well microtiter plates and the fluorescence
emission for each sample was obtained using a DTX 880 Multimode Detector plate
reader (Beckman Coulter). The reaction was performed in a black 96-well pinch bar
plate (Nunc, # 237105) with no top. The total volume of each reaction was 250 L.
Reactions were performed by adding 100 µL of a concentrated assay solution (5 M
Dansyl-GCVIA, 12.5 mM DTT, 125 mM Tris-HCl (pH=7.5), 25 mM MgCl2, 25 M
ZnCl2, 0.1% n-dodecyl -D-maltoside, 125 M IPP and 125 M DMAPP) and 30 µL of
H2O without enzyme to each well using a multi channel pipette. The initial fluorescence
reading was recorded (ex = 340 nm, em = 505 nm) followed by initiation of the reaction
through the addition of 100 µL of FDPS and 20 µL PFTase, which brought the final
concentration of all the reagents as they are described above.

The increase in

fluorescence was then monitored until the fluorescence intensity plateaued and no further
increase was observed. This occurred over a period of 60 min with a fluorescence
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reading taken every 45 s. Fluorescence data was initially recorded and visualized using
Multimode Analysis Software from Beckman-Coulter.
The data was exported from the Multimode Analysis Software, and the initial rate
values were calculated using Microsoft Excel by taking the rate of change in fluorescence
intensity versus time over the period of the data that was linear with respect to the rate
and usually consisted of 20 data points. IC50 values were obtained using a similar method
as described by Leon et al.155 by plotting the % inhibition versus inhibitor concentration
and fitting to the equation I = ImaxC/(IC50 + C) where I is the percent inhibition, Imax is
100% inhibition, C is the concentration of inhibitor, and IC50 is the concentration of
inhibitor for 50% inhibition using the non-linear curve-fitting program KaleidaGraph 3.6.

3.3 Results
FDPS catalyzes the sequential addition of two molecules of IPP to DMAPP to yield FPP,
a substrate for PFTase. Thus, it should be possible to couple the production of FPP with
its subsequent PFTase-catalyzed incorporation into a fluorescent peptide, provided the
rate of the prenylation reaction is not rate-limiting.
To determine the feasibility of this assay for measuring FDPS activity, initial
studies were performed to examine the increase in fluorescence in the presence and
absence of both enzymes (Figure 3.2).
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Figure 3.2. Fluorescence data from reaction conditions using the coupled enzyme
methodology. The first two traces show no increase in fluorescence when only FDPS or
PFTase is present. It is only in the third trace—when both enzymes are present—that
there is an increase in fluorescence.
When the reaction mixture contains only DMAPP, IPP and N-dansyl-GCVIA substrates,
there was no significant increase in fluorescence; additionally, no fluorescence increase
was observed when only one of the two necessary enzymes (FDPS or PFTase) was
present in the reaction. Only when both of the enzymes were present was there an
increase in fluorescence consistent with the generation of FPP by FDPS.
Next, to establish appropriate reaction conditions, the concentrations of the two
FDPS substrates, DMAPP (Figure 3.3) and IPP (Figure 3.4), were varied in the FDPS
assay.
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Figure 3.3. Demonstration of the effect of variation in DMAPP
concentration on the FDPS assay. The assay was performed in triplicate
for each substrate concentration. The average rate (normalized to the
maximal rate obtained) is plotted here with the standard deviation
indicated by the error bars.

Figure 3.4. Determination of the effect of IPP concentration on the rate of
the FDPS-catalyzed reaction. The assay was performed in triplicate for
each substrate concentration. The average rate (percentage, normalized to
the maximal rate obtained) is plotted here with the standard deviation
indicated by the error bars.

67

That data shows that as the concentration of DMAPP is increased, the reaction rate
increases up to 25 M DMAPP before leveling off. This is reasonable because the IPP
concentration in the assay was held constant at 50 M; since FDPS uses IPP and DMAPP
in a 2:1 ratio to generate FPP, IPP is the limiting reagent; this means that increasing the
concentration of DMAPP beyond 25 µM (half of the amount of IPP) would not result in
additional FPP production or an increase in rate (provided that the KM for DMAPP is not
significantly greater than 25 µM168). The relationship between FDPS activity and the
concentration of IPP is more complex.

A significant increase in reaction rate was

observed as IPP was increased to 50 M, followed by a decrease when the IPP
concentration was increased further. This is consistent with previous observations of
substrate inhibition169 and is presumably due to binding of IPP in the DMAPP binding
site at high IPP concentrations. Based on the above experiments and previous work with
FDPS enzymes, concentrations of 50 M were chosen for both the DMAPP and IPP
concentrations.
Finally, the concentrations of the two enzymes were varied to determine
appropriate concentrations and insure that the rate of the FPP synthesis reaction and not
the subsequent coupling reaction was being monitored. Thus, as can be seen when the
amount of FDPS was increased in the assay (Figure 3.5), the reaction rate increased in a
linear manner.
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Figure 3.5. Effect of FDPS concentration on the rate of reaction. The
assay was performed in triplicate for each substrate concentration. The
average rate is plotted here with the standard deviation indicated by the
error bars. This data shows that the rate increases linearly with the FDPS
concentration.
When varying the concentration of PFTase, an increase in the reaction rate was observed
at low concentrations (Figure 3.6) indicating that in that regime, the coupling reaction
was controlling the overall rate.
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Figure 3.6. The rate of the reaction is independent of coupling enzyme
(PFTase) concentration at high PFTase concentrations. This data shows
that the rate increases linearly with the PFTase concentration indicating
that peptide prenylation is the rate-limiting step in the assay at low PFTase
concentrations, however, there is no futher change in the reaction rate
above 12 nM PFTase. The line in the graph shows the linear dependence
of rate on PFTase concentration at low concentrations.
However, at higher PFTase concentrations, no further increase in overall reaction rate
was observed indicating that the coupling reaction was no longer limiting the process and
that the rate being observed reflected the rate of FPP production.

Based on those

experiments, enzyme concentrations of 5 M and 120 nM were chosen for FDPS and
PFTase, respectively.
Several other assay parameters were also explored. First, the thermal dependence
of the assay was investigated by measuring the specific activity at different temperatures
(Figure 3.7).
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Figure 3.7. The specific activity of the enzyme rises as temperature is
increased. Note that specific activity as low as 2 nmol/min/mg can be
detected.
That data shows that enzymatic activity increases with increasing temperature.
Interestingly, the observed rate increased up to 45°C (the highest temperature attainable
in our plate reader) suggesting that FDPS from E. coli and PFTase from S. cerevisiae are
stable above their physiologically relevant temperatures of 37°C and 30°C, respectively;
this also indicates that this assay should be applicable for monitoring FDPS activity from
mesophillic sources.
Next, we wanted to explore whether this assay could be used to monitor FDPS
activity in crude lysate. Accordingly, E. coli lysates were prepared and assayed for
activity using the coupled assay. Activity was monitored for E. coli lysate derived from
cells that overexpressed the FDPS gene as well as for cells expressing only endogenous
levels of FDPS. That data, illustrated in Figure 3.8, shows that FDPS activity can easily
be detected in E. coli lysate even when the enzyme is present in impure form with no
genetic manipulation to increase its level.
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Figure 3.8. Analysis of FDPS activity in crude lysate from E. coli.
Circles () represent rates measured using E. coli cells that overexpress
FDPS; squares () represent rates measured using E. coli cells that express
endogenous levels of FDPS; diamonds () represent the rate measured
using E. coli cells that overexpress FDPS incubated with 50 M
Zoledronate.
It is useful to compare the sensitivity of this new assay with that of the aforementioned
pyrophosphate release assay often employed for measuring FDPS activity.

Data

presented in Figure 2 shows that quantities of FPP product (converted to farnesylated
Dansyl-GCVIA) ranging from 100 to 200 pmol can be easily detected using the PFTasecoupled assay.

In contrast, because the pyrophosphate release assay employs UV

detection in lieu of fluorescence, its limit of detection is much higher156; commercially
available kits that use this assay claim a limit of detection of 1 to 2 nmol170. Thus, this
comparison suggests that the PFTase-based coupled assay is at least an order of
magnitude more sensitive than the pyrophosphate release method.
With appropriate reaction conditions defined from the above experiments, we
next sought to examine the utility of this assay for screening inhibitors. Accordingly,
three inhibitors (see Figure 3.9), previously characterized using a spectrophotometric
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assay for phosphate releasing enzymes, were obtained and analyzed using the coupled
enzyme assay developed here.

Figure 3.9. Structures of inhibitors tested in the fluorescence assay. All
three are bisphosphonates that have previously been shown to be inhibitors
of FDPS.

Figure 3.10. Graph of the percent inhibition observed versus the
concentration of Risedronate present.
Using Zoledronate, an IC50 value of 0.7 µM was obtained (Figure 3.10). That value
compares favorably with the previously reported value of 1.1 µM

155

. Similarly, values

of 0.7 µM for Risedronate and 11 µM for Alendronate were obtained that also compare
well with previously reported values. That data is summarized in Table 1.
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Compound

IC50 (
M)

Previously Reported
(
M)
Zoledronate
0.7 + 0.3
1.1a
Risedronate
0.7 + 0.2
2.5 b
Alendronate
11 + 7
26b
a
155
This value comes from Leon et al. . No IPP or GPP concentrations given
b
Personal communication with Eric Oldfield.

IC50

Table 3.1. Comparison of IC50 values determined via the coupled enzyme
assay described here and measured using a spectrophotometric assay for
phosphate releasing enzymes method. Error in the table represents the
standard deviation for three independent experiments.
Control experiments showed that none of these compounds inhibited PFTase at any of
the concentrations employed. Additional control experiments were performed where FPP
was added to FDPS reactions containing Zoledronate present at saturating concentrations.
With the addition FPP, an increase in fluorescence was observed, confirming that
Zoledronate was not inhibiting PFTase, In a general sense, this experiment provides an
easy method for verifying that a given inhibitor is a bone fide inhibitor of FDPS and is
not an off-target artifact resulting from inhibition of the PFTase coupling enzyme instead.
Finally, we analyzed the ability of the coupled assay to monitor FDPS inhibition by
Zoledronate in E. coli lysate produced from cells overexpressing FDPS (Figure 3.8,
diamonds). Those experiments demonstrate that inhibition experiments can be performed
with impure FDPS. More importantly, they suggest that this new coupled assay could be
used to screen inhibitors present in complex biological samples including extracts
containing natural products derived from animals, plants or microorganisms.
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3.4 Conclusion
The coupled enzyme assay described here provides a simple method to measure
the rate of FDPS-catalyzed FPP production and can be used to measure IC50 values for
inhibitors of that reaction. Relative to current methods, it has the significant advantage of
providing a continuous optical readout and is hence amenable to implementation in a
high throughput format. This should be useful for screening large libraries which in turn
could lead to the development of new classes of inhibitors for this medically important
target.
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Chapter 4. Engineering Protein Farnesyltransferase for Enzymatic Protein Labeling
Applications

This work is reproduced in part from Jonathan K. Dozier, Santosh L. Khatwani, James
W. Wollack, Yen-Chih Wang, Claudia Schmidt-Dannert and Mark D. Distefano.
Engineering Protein Farnesyltransferase for Enzymatic Protein Labeling Applications.
Bioconjugate Chem. In Revisions. Additionally, I would like to acknowledge Yen-Chih
and James Wollack for synthesizing the FPP analogues and Santosh Khatwani for
developing the new PFTase assay and whom I collaborated with in preparing figures
shown in this chapter.

Creating covalent protein conjugates is an active area of research due to the wide range of
uses for protein conjugates spanning everything from biological studies to protein
therapeutics. Protein Farnesyltransferase (PFTase) has been used for the creation of sitespecific protein conjugates and a number of PFTase substrates have been developed to
facilitate that work. PFTase is an effective catalyst for protein modification because it
transfers Farnesyl diphosphate (FPP) analogues to protein substrates on a cysteine four
residues from the C-terminus. While much work has been done to synthesize various
FPP analogues, there are few reports investigating how mutations in PFTase alter the the
kinetics with these unnatural analogues. Herein we examined how different mutations
within the PFTase active site alter the kinetics of the PFTase reaction with a series of
large FPP analogues. We found that by mutating either a single tryptophan or tyrosine
residue to alanine results in greatly improved catalytic parameters, particularly in kcat.
Mutation of tryptophan 102 to alanine caused a 4-fold increase in kcat and a 10-fold
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decrease in KM for a benzaldehyde-containing FPP analogue resulting in an overall 40fold increase in catalytic efficiency. Similarly, mutation of tyrosine 205 to alanine
caused a five-fold increase in kcat and a 10-fold decrease in KM for a coumarin-containing
analogue leading to a 50-fold increase in catalytic efficiency. Smaller but significant
changes in catalytic parameters were also obtained for cyclo-octene- and NBD-containing
FPP analogues. The latter compound was used to create a fluorescently labeled form of
Ciliary Neurotrophic Factor (CNTF), a protein of therapeutic importance. Additionally,
computational modeling was performed to study how the large non-natural isoprenoid
analogues can fit into the active sites enlarged via mutagenesis. Overall, these results
demonstrate that PFTase can be improved via mutagenesis in ways that will be useful for
protein engineering and the creation of site-specific protein conjugates.

4.1 Introduction
The creation of protein conjugates as tools for biological studies and as effective
therapeutics is currently an area of intense interest.106,
protein conjugates,173,
conjugates.100,

177, 178

174

protein-DNA conjugates,175,

171, 172
176

Targets include protein-

and protein small molecule

There are a number of different techniques already available to

create these types of protein conjugates including native protein ligation,179 non-natural
amino acid expression,107 chemical synthesis,180 and enzymatic labeling.181 Most of these
methods require the initial attachment of a small molecule handle which can then
undergo further reaction to create the final desired conjugate.
Posttranslational enzymatic labeling offers several advantages over other types of
protein labeling techniques. Reaction conditions are typically mild and help to preserve
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the biological functionality of the protein target;182 it can occur rapidly with high
specificity;183, 184 and it generally gives a high yield.185 Many investigators have used
enzymatic labeling to introduce non-natural functionalities onto proteins for the purpose
of creating protein conjugates. This strategy works via the use of alternative substrates
bearing bioorthogonal functional groups that then become enzymatically incorporated on
to the protein of interest. Enzymes, which have been used for this type of protein
labeling,113 include biotin ligase,186 sortase,31 lipoic acid ligase36 and protein
farnesyltransferase.22
Protein farnesyltransferase (PFTase) is an / heterodimer enzyme which
catalyzes the attachment of a farnesyl group, from farnesyl diphosphate (FPP), through a
thioether bond to a cysteine near the C-terminus of a number of proteins (Figure 4.1).187

Figure 4.1. Scheme of protein prenylation. The terminal four amino acid
sequence (CaaX) serves as the recognition site for the enzyme which then
catalyzes the attachment of the farnesyl moiety onto the cysteine residue.
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This cysteine is located four residues upstream from the C-terminus and the sequence of
the next three amino acids determines whether the protein becomes farnesylated or
prenylated with a longer geranylgeranyl isoprenoid by protein geranylgeranyltranserfase I
(PGGTase I).188 This post-translation modification plays a role in anchoring proteins to
the cellular membrane and also modulates protein-protein interactions. The process of
protein prenylation has attracted significant attention since many diseases including
cancer require prenylated proteins for their effects.
Recently PFTase has been used by a number of groups for selective labeling of a
variety of different proteins including several with potential therapeutic applications.21, 24
Interestingly, PFTase is promiscuous with regards to its isoprenoid specificity and can
tolerate a variety of modifications, predominantly in the third isoprenoid unit of the
FPP.123, 161, 189-192 A number of different groups have synthesized a wide variety of probes
for use in protein labeling.193 These include FPP analogues that contain azides and
alkynes,22, 23 for the click reaction; aldehydes and ketones for aminooxy conjugation;21, 118
NBD119 and anthranilate120 for fluorescent studies; and benzophenone20,

121

and

diazotrifluoropropanoyl122 for photolabeling. Highly unusual nonisoprenoidal analogues
can also be accommodated in some cases. 194
One of the limitations to using non-natural FPP analogues with bioorthogonal
functionality is that they have low activity when compared to natural FPP. This is
especially true with the FPP analogues that contain bulkier moieties. In order for these
types of analogues to be more readily used in protein labeling it would be helpful to have
PFTase variants that could catalyze the incorporation of different FPP analogues into
proteins more efficiently compared to the wild-type enzyme.

Additionally, having
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different PFTases that can catalyze the reaction preferentially for different FPP analogues
would be advantageous for multiple substrate labeling experiments.
In order to allow for bulkier isoprenoid analogues to be efficiently processed by
PFTase, the first step is to understand the binding of FPP in the PFTase binding pocket,
specifically looking at the interactions between the third isoprenoid unit and PFTase. The
PFTase binding pocket consists mainly of large aromatic amino acids that act as the
backstop for FPP (See Figure 4.2). There are three specific residues in the binding
pocket that come into close contact with the third isoprenoid unit of FPP. All those
residues lie within the  subunit of the enzyme and include a tryptophan at position 102, a
tyrosine at position 154 and a second tyrosine at position 205. The other molecular
structures that come in close contact with the third isoprenoid unit are amino acids in the
CaaX box substrate itself.
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W102

Y154
Y205

W102

Y154
FPP

Y205

Figure 4.2. The FPP binding pocket of PFTase (1JCR). (Above) The
FPP binding pocket of PFTase . The isoprenoid and key residues are
shown in stick representations with the protein secondary structure given
in a cartoon form. Color scheme: the isoprenoid portion of FPP is shown
in green. A peptide inhibitor CVFM that is bound in the CaaX substrate
binding pocket is shown in purple. Key amino acid residues in the binding
pocket are shown in blue. (Below) Space filling representation of the
PFTase binding pocket. The color scheme is the same as that used in the
top panel.
Previously, mutants of the PFTase binding pocket have primarily been used to
study how prenyltransferases distinguish between FPP and GGPP195, 196 and how they
alter CaaX-box peptide specificity.197

While generally similar, comparison of the
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structures of PGGTase I and PFTase revealed that PFTase contains a tryptophan residue
at position 102 (W102) whereas PGGTase I has a threonine residue at the analogous
location. Terry et al. have shown that by mutating the tryptophan at 102 to a threonine
and the tyrosine at 361 to a phenylalanine, which was also observed from an overlay of
the binding pockets, that PFTase could employ GGPP as a substrate.198 Additionally, it
has been shown that by mutating W102, Y154 and Y205 amino acids all to threonine,
there is greater incorporation of both biotin- and nitrobenzofurazan-containing FPP
analogues by the resulting mutant PFTases although the kinetics of these mutants were
not investigated in detail.40 Overall, these studies suggest that it is possible to engineer
PFTase to accept FPP analogues.
In the present study, we extend this work to isoprenoid analogues that contain
bioorthogonal functionality that would be useful for site-specific protein labeling
applications. Hence, here we report on the preparation of several mutant forms of PFTase
including W102A, Y154A and Y205A and their reactivity with aldehyde-, cyclooctene-, NBD- and coumarin-containing FPP analogues.

Significant increases in

catalytic efficiency with the aldehyde- and coumarin-containing substrates were obtained
suggesting that protein engineering is a fruitful approach for improving PFTase for
biocatalysis.
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4.2 Methods and Materials

4.2.1 General Synthesis. FPP analogues were synthesized as previously reported.119, 123,
199, 200

Reagents were purchased from SigmaAldrich unless otherwise noted.

4.2.2 Mutant Creation. PFTase mutants were created using the Quikchange II Site
Directed Mutagenesis Kit from Agilent (Catalogue # 200523). The plasmid used as the
template for mutants has been previously described.166 In brief, primers were designed
containing an alanine mutation for each of the three amino acid positions for W102,
Y154, and Y205 (See SI).

The manufacturer’s protocol was followed for PCR

conditions, DpnI DNA digestion, and E. coli transformation. Plasmids were purified
using Wizard® Plus SV Minipreps DNA Purification System (Catalogue # A1460).
Mutations were confirmed via Sanger type DNA sequencing from the University of
Minnesota Genomics center. Plasmids containing the proper mutation were transformed
in electrocompetent JM109(DE3) cells and stored at -80 oC for long term storage.

4.2.3 Protein Purification. JM109(DE3) cells were plated on LB-agar plates containing
50 g/mL streptomycin and grown overnight at 37 oC. Single colonies were used to
innoculate 50 mL of LB media containing 50 g/mL streptomycin and grown overnight
at 37 oC shaking at 250 rpm. 10 mL of that overnight culture was added to 1 L LB media
containing 50 g/mL streptomycin and grown to an OD600 of 0.8, by shaking at 250 rpm
at 37 oC, which took approximately 3 h. Cells were induced to express the PFTase by
addition of IPTG and ZnCl2 to final concentrations of 1 mM, and 500 M, respectively.
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Cells were grown for four hours at 37 oC, shaking at 250 rpm. Cells were harvested by
centrifugation at 5,400 x g for 10 min. Pelleted cells were stored at -80 oC prior to use.
The enzyme purification procedure for the various PFTases was performed as
previously described.201 Briefly, the cell pellet from 1 L of liquid broth was suspended in
50 mL of lysis buffer containing 50 mM Tris•HCl (pH 7.0), 200 mM NaCl, 5 M ZnCl2,
5 mM MgCl2, 20 mM imidazole, and 1 mM -mercaptoethanol.

To this, 1 mL of

protease inhibitor cocktail was added (Sigma Aldrich), and the cells were sonicated at 50
W for 5 min (10 sec on/10 sec off). The resulting solution was centrifuged at 13,000 x g
for 30 min and the soluble fraction was then loaded onto a 30 mL Ni-NTA column bed
equilibrated with lysis buffer at a rate of approximately 2 mL/min. The column was
washed with lysis buffer until the A280 reached a minimum level where no further was
observed (approximately 200 mL) and the PFTase enzyme was eluted using the above
lysis buffer supplemented with 250 mM imidazole. Fractions containing PFTase were
pooled together and concentrated using an Amicon Ultra-15 centrifugal filter from
Millipore, and concentrated to 4 mL. This was diluted 10-fold with buffer containing
50 mM Tris•HCl, 200 mM NaCl, 5 M ZnCl2, 5 mM MgCl2, and 1 mM mercaptoethanol and concentrated again to a volume of 4 mL; this dilution/concentration
process was repeated a total three time. The enzyme was stored in the latter buffer
containing 50% glycerol at −80 °C. This purification typically yielded approximately
20 mg/L of liquid culture of PFTase.

4.2.4 Continuous fluorescence assay for PFTase activity measurement. The assay for
PFTase activity employed here using FPP and analogues 2 and 3 as substrates is based on
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the previously published assay by Pompliano et al.160 and later refined by the Poutler
group.202 N-dansyl-GCVIA was preincubated with DTT for 30 min to ensure that no
disulfide was present. After incubation, the peptide/DTT solution was used to make an
assay solution that had a final concentration of 2!"M dansyl-CVLS, 5 mM DTT, 50 mM
Tris•HCl (pH 7.5), 10 mM MgCl2, 10! "M ZnCl2, 0.2% n-octyl--D-glucoside, and
varying concentrations of the FPP analogue being investigated, ranging from 0-25 M.
The enzyme concentration varied between 5 nM to 50 nM depending on the FPP
analogue being studied.
The reactions were performed using a DTX 880 Multimode Detector plate reader
(Beckman Coulter) in a black pinch bar 96-well plate (Nunc 237105) with a reaction
volume of 250 L.

The reactions were performed by addition of 100 L of a

concentrated reaction solution (5 M dansyl-GCVLS, 12.5 mM DTT, 125 mM Tris•HCl
(pH 7.5), 25 mM MgCl2, 25 M ZnCl2, 0.5% n-octyl--D-glucoside). The diphosphate
analogue was added at varying concentrations along with H2O to give a volume in the
well of 230 L. An initial fluorescent measurement was taken using the excitation filter
A340/10 to excite at 340 nm and emission was monitored at 505 nm using the F535/25
filter. Then, 20 L of PFTase in enzyme buffer (50 mM Tris•HCl (pH 7.5), 50 M
ZnCl2, 5 mM MgCl2, 20 mM KCl, 1 mM DTT, 1 mg/mL BSA) was used to initiate the
enzymatic reaction. The fluorescence was monitored until it reached a plateau signifying
that the reaction was complete.
The data was exported from the Multimode Analysis Software, and the initial rate
values were calculated using Microsoft Excel. This rate was calculated using the linear
region of the progress curve. This was usually in the first 20 minutes of the assay but for
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assays containing low substrate concentrations this time period was shorter. The
enzymatic rate of each reaction was determined by converting the rate obtained in
fluorescence intensity units (FIU/s) to M/s with the equation vi = RP/F, where vi is the
enzymatic rate in M/s, R is the measured rate in FIU/s, and P is the amount of product
formed in the assay. F is the change in fluorescence intensity between the start of the
assay and when the reaction is complete. This rate data was exported to KaliedaGraph 3.6
and the kcat and Km were determined using a nonlinear least-squares analysis. All kinetic
values reported here are apparent values because they were measured at single fixed
concentration of peptide substrate.

4.2.5 FRET assay for PFTase activity using coumarin-containing FPP analogue.
PFTase activity with coumarin-containing analogue 4 was detected using a FRET based
assay. A 1 mL mixture containing 2.4 µM GFP-CVIA, 5 mM DTT, 10 mM MgCl2, 10
µM ZnCl2 and 50 mM Tris•HCl, pH 7.5, was transferred to a cuvette and the emission at
510 nm (ex= 330 nm) was monitored until a stable baseline was obtained. The reaction
was initiated with 50 nM PFTase and the increase in the fluorescence was monitored until
a plateau was reached. To determine the kinetic parameters, the concentration of 4 was
varied from 0.1 to 20 µM.

4.2.6 Gel-based assay for PFTase activity using NBD-containing FPP analogue.
PFTase activity with the NBD-containing analogue 4 was measured using a gel-based
assay. A reaction mixture containing 2 M CNTF-CVIA, 50 mM Tris•HCl (pH 7.5), 10
mM MgCl2, 50 M ZnCl2, 15 mM DTT, 20 mM KCl, 10 M 5, and 5 nM PFTase was
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incubated at 30 oC and 500 L aliquots were removed at various times, flash frozen and
lyophilized to dryness. The resulting residue was resuspended in 20 L SDS-PAGE
loading buffer and fractionated on a 12% SDS-PAGE gel. The labeled protein was
visualized by scanning the gel for fluorescence using a Storm 840 Fluorescence scanner
with 450 nm excitation wavelength and 520 nm long pass emission filter. Quantitation of
fluorescent images were performed using ImageJ software.

4.2.7 Computational modeling. For modeling of FPP analogues into the active site of
PFTase (pdb file 1JCR), docking was performed using MacroModel v9.9 and its program
Glide. The PFTase crystal structure was prepared using the default settings in the protein
preparation wizard as part of the Maestro (Schrodinger, version 9.3) package.

To

generate models of the mutant enzymes, the PFTase structure generated from the protein
wizard was used and only the mutant modification was made in Maestro. Once that was
accomplished, the mutant amino acid was subjected to a local minimization search using
the MacroModel feature to find the most likely conformation of the amino acid within the
binding pocket. A receptor grid large enough to encompass the entire binding site for the
FPP analogues was generated from the prepared PFTase enzyme or the prepared mutant
enzymes. A standard precision docking parameter was set and 10,000 ligand poses per
docking were run per analogue per enzyme model. The conformations with the overall
highest binding score were chosen for display here.
Molecular volumes calculations of FPP and FPP analogues were performed using
the volume calculation script from Schrodinger, version 9.3.
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4.3 Results and Discussions

4.3.1 Mutant Creation. In order to explore the different binding capabilities of PFTase,
we designed and synthesized three different mutants of rat PFTase to enlarge the
isoprenoid binding pocket. Our studies focused on three amino acids in the substrate
binding pocket including W102, Y154 and Y205. As can be seen in Figure 4.2, these
three residues (shown in blue) form the bottom of the binding pocket and limit the length
of the isoprenoid (shown in green) that can fit into the PFTase active site along with the
protein substrate (shown in pink). Since our group has developed a number of different
isoprenoid substrates that are longer than FPP (Figure 4.3), we hypothesized that we
could improve the activity of PFTase with these analogues by creating mutants that
contained smaller residues at these three positions that would enlarge the active site.
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Figure 4.3. Structures of ffarensyl diphosphate and analogues. (Left) Lewis
structure representation. (Right) Extended conformation space fill model.
Structures include 1 (FPP); 2 (an aryl aldehyde-containing
containing analogue; 3 (a
cyclooctene-containing
containing analogue); 4 (a coumarin-containing analogue and
5 (an NBD-containing
containing analogue). Carbon shown in green, oxygen in red,
nitrogen in blue, phosphorous in orange, and fluorine in light blue.
As shown in Table 1, the volume occupied by these different analogues is 5-25%
5
greater
than the volume of FPP. By mutating the large residues found in the PFTase binding
pocket, we reasoned that it should be possible to accommodate these larger analogues.
analogu
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Table 4.1. Molecular volume of FPP and four synthetic analogues.
Functionality
Compound
Molecular Volume (Å3)
None (FPP)
306.0
1
Benzaldehyde
333.0
2
Cyclooctene
322.0
3
Coumarin
382.0
4
NBD
338.0
5
Volumes were calculated using the molecular modeling program Schrodinger and the
values are given in units of cubic angstroms (Å3).

Additionally, we wanted to explore which of these mutations were the most important for
improving the catalytic properties of PFTase toward these analogues. We reasoned that it
might be possible to create “tuneable” PFTases where the different mutations would have
different analogue specificity.
Three mutants W102A, Y154A, and Y205A were created using site directed
mutagenesis and expressed in E. coli as His-tagged polypeptides. The resulting mutant
proteins were purified via immobilized metal affinity chromatography to yield the desired
proteins in good yield (20 mg/L of culture broth).

4.3.2 Kinetic analysis with FPP. The three mutant proteins were initially assayed for
enzymatic activity using a continuous fluorescence assay using N-dansyl-GCVLS and
FPP as substrates. This assay monitors the increase in dansyl group fluorescence as the
peptide substrate becomes modified by the hydrophobic isoprenoid. These experiments
were performed at a constant concentration of peptide substrate while the concentration
of FPP was varied to obtain the kcat and KM parameters listed in Table 1. Inspection of
those values shows a two to three-fold reduction in both kcat and KM suggesting that
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mutation of those residues has minimal effects on the catalytic efficiency of PFTase when
FPP is the substrate.
Table 4.2. Kinetic values for PFTase and three mutants using FPP as the isoprenoid
substrate.
FPP
kcat
KM
kcat /KM
Rel. kcat/KM
-1
-1
(s )
(M)
(M•s )
WT
0.27 ± 0.02
0.5 ± 0.2
0.54
1
W102A
0.083 ± 0.005
0.26 ± 0.09
0.32
0.59
Y154A
0.112 ± 0.007
0.27 ± 0.09
0.41
0.76
Y205A
0.18 ± 0.01
0.5 ± 0.2
0.36
0.67
All values are apparent kinetic parameters since the peptide concentration was held
constant at 2 M.
4.3.3 Kinetic analysis with benzaldehyde analogue (2). Next, the three mutants were
assayed using an aryl aldehyde-containing FPP analogue (2). In previous work, we have
shown that 2 can be used to incorporate an aldehyde functional group into a number of
different proteins. In contrast to azide- and alkyne-containing analogues that require
Cu(I) or synthetically complex strained-ring reagents for their subsequent derivatization,
aldehydye-based compounds can be easily functionalized with commercially available
hydrazine- or alkoxyamine-containing moieties. In addition, using recently developed
aryl amine catalysts, they react rapidly with half-lives of less than 2 minutes.21 Given
their larger size relative to FPP (see Figure 4.3), we hypothesized that they should fit
better into the enlarged active sites generated by mutagenesis described here.
The results of kinetic studies with benzaldehyde 2 using the continuous
fluorescence described above are given in Table 2. As was previously reported, wildtype PFTase catalyzes the transfer of the benzaldehyde-containing isoprenoid 2 several
hundred-fold (kcat/KM) less efficiently than FPP. However, importantly, the W102A
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mutant manifests a significant (43-fold) increase in catalytic efficiency in processing 2
compared with FPP. That increase is derived from a 4-fold increase in kcat and a 12-fold
decrease in KM. In contrast, the Y154A and Y205A mutants showed only small
increases in catalytic efficiency. In those cases, decreases in KM values were offset by
decreases in kcat. These observations suggest that increasing the active site dimensions
allows more favorable interactions between the substrate and enzyme to occur resulting
in lower KM values. However, modulation of kcat is clearly dependent on other factors
including the precise conformation of the substrate which is harder to predict.
Nevertheless, these findings are quite exciting given the relatively large increase in
catalytic efficiency obtained with the W102A mutation.

Table 4.3. Kinetic values for PFTase and three mutants using the benzaldehyde
containing analogue (2) as the substrate.
Aldehyde
kcat
KM
kcat /KM
Rel. kcat/KM
-1
-1
(2)
(s )
(M)
(M•s )
WT

0.0021 ± 0.0002

2.4 ± 0.6

0.000875

1

W102A

0.0076 ± 0.0005

0.2 ± 0.1

0.038

43.4

Y154A

0.0014 ± 0.0009

0.7 ± 0.2

0.002

2.29

Y205A
0.0012 ± 0.0006
0.5 ± 0.1
0.0024
2.74
All values are presented as apparent kinetic parameters with the peptide centration held
constant at 2 M.
4.3.4 Kinetic analysis with cyclooctene analogue (3). Next, we choose to examine the
ability of the mutants to process an FPP analogue appended with a moiety different in
shape from the planar benzaldehyde group present in 2. Compound 3 incorporates a
trans cyclo-octene group for subsequent reaction via an inverse electron demand diels
alder reaction. That type of conjugation reaction has the advantage of having a rate of
ligation of 2000 M-1 s-1,203 substantially faster than other traditionally used ligation
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reactions including the “click” reaction. However, compared with azides and alkynes,
the cyclo-octene moiety is larger and must be in the trans configuration. Hence, we
reasoned that it would be a good candidate to evaluate with the mutant PFTases described
here that have enlarged active sites.
Our initial screen of the mutant PFTases using the aforementioned continuous
fluorescence assay showed that at high concentrations of the cyclo-octene analogue, only
the Y205A mutant catalyzed the incorporation of 3 at a rate faster compared to the wildtype enzyme; the W102A and Y154A enzymes did catalyze the transfer of 3 but at a
slower rate (Data not shown). Hence a more detailed kinetic analysis was performed
only with the wild type enzyme and the Y205A mutant; kinetic constants from those
experiments are summarized in Table 3.
Table 4.4. Kinetic values for PFTase and Y205A mutant using the cyclo-octene
containing analogue (3) as the substrate.
Transkcat
KM
kcat /KM
Rel. kcat/KM
-1
-1
Cyclooctene (3)
(s )
(M)
(M•s )
WT
0.017 ± 0.002
0.2 ± 0.1
0.08
1
Y205A
0.082 ± 0.007
0.5 ± 0.2
0.16
2
All values are presented as pseudo kinetic parameters with the peptide centration held
constant at 2 M.
Interestingly, for the wild type enzyme, the KM value for 3 (0.2 µM) is 2.5-fold
less than that observed for FPP (0.5 µM, see Table 1). For the Y205A mutant, the trend
is reversed with the KM value for 3 being higher than that for FPP. However, perhaps
more importantly, the kcat value for 3 is almost 5-fold higher for the Y205A mutant
compared with the wild type enzyme. Since the Y205A mutant manifests a KM value
that is submicromolar, it would be relatively easy to saturate the enzyme with 3 and
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hence fully capitalize on the ca. 5-fold improvement in kcat for in vitro protein labeling
applications.

4.3.5 PFTase FRET assay using whole protein substrate. In addition to analogues 2
and 3 which contain bioorthogonal functionality, we also wanted to evaluate some
alternative substrates that contain intrinsically fluorescent moieties.

These latter

compounds are particularly interesting since their incorporation could, in principle, allow
direct fluorescent labeling of proteins without the need for a secondary modification
reaction to install the fluorophore. Several types of fluorescent FPP analogues have been
previously used to label proteins.

However, those molecules interfere with the

continuous fluorescence assay used for the experiments described above rendering kinetic
analyses of their activity difficult.
To solve this problem, we developed a continuous fluorescence assay that can
monitor the attachment of a coumarin-containing FPP analogue (4) to a GFP variant
equipped with a C-terminal CVIA sequence that makes it a substrate for PFTase. Because
the emission spectrum of the coumarin fluorophore overlaps with the excitation spectrum
of GFP, PFTase mediated prenylation with the coumarin analogue results in fluorescence
resonance energy transfer (FRET). Figure 4.4 shows that when GFP-CVIA and the
coumarin analogue are mixed together in the absence of PFTase and the reaction is
excited at 330 nm (a wavelength suitable to excite the coumarin) emission occurs at 460
nm due to the coumarin emission as well as a smaller amount at 510 nm due to GFP
fluorescence; this latter emission occurs because there is a low level of absorption at 330
nm by GFP. However, upon addition of PFTase, a significant increase in the 510 nm
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emission occurs along with a concomitant decrease in 460 nm fluorescence signaling the
covalent attachment of the coumarin moiety to GFP. Figure 4.4 shows that the enzymatic
reaction can be monitored by exciting the coumarin fluorophore and monitoring the
increase in GFP fluorescence intensity using this FRET-based process. This assay has
the benefit of not only allowing continuous monitoring of coumarin incorporation, but
also does so using a whole protein in lieu of a small peptide. The presence of the peptide
sequence at the C-terminus of a protein more accurately represents the true context in
which prenylation occurs compared with short peptide sequences since upstream
sequences are known to modulate substrate affinity such as in the case of K-Ras.204
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Figure 4.4: Development of a continuous FRET assay for PFTase: (Above) Emission
spectra of a reaction mixture containing GFP-CVIA and coumarin FPP analogue before
and after the addition of PFTase showing overall decrease in the fluorescence intensity of
the coumarin at 460 nm with simultaneous increase in the fluorescence intensity of GFP
at 510 nm (ex = 330 nm). (Below) Continuous FRET assay based on labeling of GFP
with the coumarin analogue showing an increase in the fluorescence intensity at 510 nm
after the addition of PFTase (ex = 330 nm).
4.3.6 Kinetic analysis with the coumarin analogue. This FRET assay described above
was used to examine the rate of reaction for all three mutant enzymes at high coumarin
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analogue (4) concentrations (Data not shown). Similar to results obtained with the cyclooctene-containing compound (3), only the Y205A mutant showed an increased rate and
was further investigated to determine its kinetic parameters. As seen in Table 4, the
Y205A mutant enzyme manifests both a significant (ca. 6-fold) increase in kcat and a
decrease (10-fold) in KM resulting in an overall impressive 58-fold increase in catalytic
efficiency.
Table 4.5. Kinetic values for PFTase and Y205A mutant using coumarin containing
analogue (4) as the substrate.
Coumarin
kcat(min-1)
Km (M)
kcat /KM
Rel. kcat/KM
(M•min-1)
WT
0.08 ± 0.01
1.4 ± 0.3
0.057
1
Y205A
0.46 ±0.03
0.14 ± 0.05
3.28
57.5
These values were generated using the PFTase FRET assay described herein. All values
are presented as apparent kinetic parameters with the GFP-CVIA concentration held
constant at 2.5 M.
4.3.7 CNTF NBD labeling. Next, we examined the activity of a different fluorescent
FPP analogue that incorporates an NBD group developed by Waldmann and
coworkers.119

Unfortunately, that compound cannot be assayed in the continuous

fluorescence assay or the FRET assay described above due to incompatible spectral
properties.

Hence, a discontinuous assay based on SDS-PAGE and fluorescence

scanning of the resulting gel was employed. Given the effort involved in performing this
protocol, we elected to use a form of cilliary neurotrophic factor (CNTF) tagged with a
C-terminal CVIA PFTase recognition sequence as a substrate. CNTF is a neurotrphic
factor that is currently being investigated for a number of therapeutic applications205-207
and hence fluorescently labeled forms of CNTF would be useful for a variety of studies.
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CNTF was prenylated with the NBD analogue (5) using both the wild-type
enzyme and the Y205A mutant. The reaction was monitored as described above using a
gel-based assay coupled with fluorescence scanning to detect the desired product. A plot
illustrating the production of NBD-labeled CNTF as a function of time for the two
different enzymes is shown in Figure 4.5.

Inspection of that data reveals that the

Y205A mutant enzyme catalyzes the reaction approximately 1.5-fold faster than the
wild type. Since the reactions were performed at high (10 µM) concentrations of 5, it is
likely that this effect is due to an increase in kcat. While the effect of mutation is not as
substantial for this FPP analogue, these results are still significant from a practical
perspective since use of the Y205A mutant allows for a reduction in reaction time. Such
a decrease would be helpful in decreasing potential proteolytic degradation that is
sometimes observed in enzymatic labeling procedures.
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Figure 4.5. Labeling of CNTF with NBD analogue 5 by wild type and Y205A mutant
PFTase. Fluorescence intensity of the fluorescence scan shown in the SI was calculated
using ImageJ software. The lines on the graph indicate the initial rate of enzymecatalyzed NBD incorporation determined in the first 15 min of reaction.

4.3.8 Computational modeling of analogue binding. To better understand the
interactions between the different FPP analogues studied here and their recognition by
mutant PFTases, a series of computational modeling studies were performed. Models for
the different PFTase mutant proteins were generated using the crystal structure of wild
type PFTase and then the various FPP analogues were modeled in the isoprenoid binding
site using a molecular docking program. Of the four FPP analogues studied, aldehyde 3
and coumarin 4 manifested decreased KM values for different mutant enzymes relative to
their activity with the wild type suggesting that mutation improves their binding affinity.
Consequently, modeling focused on those analogues.
When analogue 3 is docked into the wild-type enzyme active site (Figure 4.6,
red), the benzaldehyde group becomes occluded by the indole side chain of W102
amino acid which prevents the analogue from adopting an extended conformation of the
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type observed for FPP (green). Instead, the structure is “kinked” in the region of the
second isoprenoid unit relative to the normal FPP-bound structure. It is quite likely that
this perturbation is deleterious for binding and for efficient catalysis. In contrast, when 3
is docked into the W102 mutant structure (orange), sufficient space is available for the
benzaldehyde moiety to fit into the area previously occupied by the indole resulting in an
overall conformation similar to that for FPP with minimal changes in the isoprenoid
structure in the region where catalysis occurs.
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W102

Y154

Y205

A102

Y154

Y205

Benzaldehyde 2

Figure 4.6. Computational modeling structures of benzaldehyde analogues in PFTase.
(Above) Overlays of benzaldehyde analogue docked in WT structure (red), benzaldehyde
analogue docked in W102A mutant (orange), and FPP bound in the WT structure (green).
The peptide substrate (purple) and the three relevant amino acids (blue) are also
displayed. Note the benzaldehyde analogue docked into mutant structure comes into
contact with the tryptophan residue in the overlay. (Below) Benzaldehyde analogue
docked into W102A mutant binding pocket. The structure is shown as spheres to show
the benzaldehyde moiety binding into the place occupied by the tryptophan residue in the
WT structure. Benzaldehyde analogue showed in orange, peptides substrate shown in
purple, residues Y154 and Y205 shown in blue and the mutated W102 shown in
yellow.
The docking results for the coumarin analogue 4 show a more drastic change in
binding conformation (Figure 4.7).
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W102

Y154
Y205

W102

Y154

A205

Coumarin 4

Figure 4.7. Computational modeling structures of coumarin analogues in PFTase.
(Above) Overlays of coumarin analogue docked in WT structure (red), courmarin
analogue docked in Y205A mutant (orange), and FPP bound in the WT structure (green).
The peptide substrate (purple) and the three relevant amino acids (blue) are also
displayed with the surface of the WT enzyme. (Below) Coumarin analogue docked into
Y205A mutant binding pocket. The structure is shown as spheres to show the coumarin
moiety binding into the place occupied by the tyrosine residue in the WT structure.
Coumarin analogue showed in orange, peptides substrate shown in purple, residues
W102 and Y154 shown in blue and the mutated Y205 shown in yellow.
When 4 is docked into the wild-type structure, the highest scoring pose is one in which
the coumarin ring is positioned outside the active site (red). While it is unlikely that this
is actually occurring, it is indicative of how poorly the analogue fits into the wild type
active site. A more likely explanation for how 4 fits into the active site is that side chain
rearrangements occur that allows the analogue to fit; this has been previously observed in
the binding of other probes to PFTase.122 In contrast, when the coumarin analogue is
docked into the Y205A mutant structure (orange), the aromatic moiety fits neatly into the
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space previously occupied by the tyrosyl phenolic side chain. This in turn allows for the
rest of the isoprenoid chain to adopt a conformation similar to that manifested by FPP
(green). Taken together, these computational results provide a compelling rationale for
understanding the behavior of these mutant PFTase variants and suggest that docking
experiments should be useful in predicting the effects of mutations as this enzyme is
further engineered.

4.4 Conclusion.
In conclusion, site directed mutagenesis has been used to enlarge the isoprenoid binding
site of PFTase. Those mutant enzymes are able to process several FPP analogues that are
significantly larger than FPP more efficiently than the wild type enzyme. In some cases
the catalytic efficiency has been increased ca. 50-fold. One of these mutants has been
used to prepare a fluorescently labeled form of CNTF, a therapeutically important
protein. Computational docking experiments have been used to provide a rationale for
understanding the interactions between the larger FPP analogues and the mutant
enzymes.

As PFTase labeling becomes more widely used and the number of FPP

analogues grows, these enzymes should contribute significantly to the development of
more advanced protein therapeutics.
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4.5 Supplemental Data
4.5.1 Primers of PFTase Mutants
Forward Primer W102A:
5’-tgccagccgccccgcgctctgctactgg-3’
Translated 5’-3’ Frame 2
tgccagccgccccgcgctctgctactgg
A S R P A L C Y W
Reverse Primer W102A:
5’-ccagtagcagagcgcggggcggctggca-3’
Translated 3’-5’ Frame 2
tgccagccgccccgcgctctgctactgg
A S R P A L C Y W
Forward Primer Y154A:
cacctcgctcccacggctgcagctgtcaacgc
Translated 5’-3’ Frame 1
cacctcgctcccacggctgcagctgtcaacgc
H L A P T A A A V N
Reverse Primer Y154A:
gcgttgacagctgcagccgtgggagcgaggtg
Translated 3’-5’ Frame 1
cacctcgctcccacggctgcagctgtcaacgc
H L A P T A A A V N
Forward Primer Y205A:
5’-gtggatgtaagaagtgcggcctgtgctgcctcagtagc-3’
Translated 5’-3’ Frame 1
gtggatgtaagaagtgcggcctgtgctgcctcagtagc
V D V R S A A C A A S V
Reverse Primer Y205A:
5’-gctactgaggcagcacaggccgcacttcttacatccac-3’
Translated 3’-5’ Frame 1
gtggatgtaagaagtgcggcctgtgctgcctcagtagc
V D V R S A A C A A S V

4.5.2 LC-MS Analysis of CNTF-NBD
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CNTF-CVIA, as prepared earlier,21 was prenylated with both PEG containing FPP
analogues. A reaction consisting of 50 mM Tris HCl (pH= 7.5), 50 µM ZnCl2, 10 mM
MgCl2, 20 mM KCl, 15 mM DTT, 10 µM NBD-FPP analogue (5), 2 µM CNTF-CVIA
and 100 nM Y205A PFTase201201 was prepared. This solution was allowed to react for 4
h at 30 °C. The reaction was submitted directly for LC-MS analysis to determine CNTF
prenylation. The LC method used was a gradient of 3% B to 97% B (Mobile Phase A:
H2O, 0.1% HCO2H; Mobile Phase B: CH3CN, 0.1% HCO2H) in 15 min. Mass spectra
(m/z 300-2500) were collected every 0.2 s during the chromatographic separation.

Figure 4.8. ESI-MS spectrum of prenylated CNTF with NBD-FPP
analogue (5) with the deconvoluted mass spectrum shown in the insert.
The calculated mass was 25,120.6 and the observed mass was 25,119
which is within the accuracy range of the mass spectrometer for a protein
of this mass.
4.5.3 SDS-PAGE Fluorescence Analysis of CNTF-CVIA prenylation of NBD-FPP
Analogue
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Figure 4.9. Gels used to determine the amount of prenylation of CNTFCNTF
CVIA with the NBD
NBD-FPP analogue (5).
). Gels were scanned for
fluorescence with a Storm 840 Fluorescence scanner with 450 nm
excitation wavelength and 520 nm long pass emission filter.
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4.5.4 Stereoscopic Image of PFTase Binding Site













Figure 4.10. Stereoscopic image of figure 4.2a. Protein shown as cartoon
in light blue. Three key residues are shown in blue. Peptide substrate
shown in pink. FPP shown in green.
















Figure 4.11. Stereoscopic image of figure 4.2b. Space fill model of
binding pocket. Three key residues are shown in blue. Peptide substrate
shown in pink. FPP shown in green.
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4.5.5 Stereoscopic Image of Aldehyde Analogue Binding

Figure 4.12. Stereoscopic image of a figure 4.6a. Stick image of binding
of FPP and aldehyde containing analogues bound in both wild-type
wild
and
W102A enzymes. Three key amino acids shown in blue, peptide
substrate shown in pink, natural bound FPP shown in green, aldehyde
analogue bound into the wild
wild-type
type enzyme shown in red, aldehyde
analogue bound into the W102A
W102A enzyme shown in orange.















Figure 4.13. Stereoscopic image of a figure 4.6b. Space fill model
mode of
binding of aldehyde containing analogue bound in W102A
W102A enzyme. Two
key amino acids shown in blue, mutated tryptophan to alanine shown in
yellow, peptide substrate shown in pink, aldehyde analogue bound into the
W102A enzyme shown in orange.
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4.5.6 Stereoscopic Image of Coumarin Analogue Binding

Figure 4.14. Stereoscopic image of a figure 4.7a. Stick image of binding
of FPP and coumarin containing analogues bound in both wild-type
wild
and
Y205A enzymes. Three key amino acids shown in blue, peptide
substrate shown in pink, natural bound FPP shown in green, coumarin
analogue bound into the wild
wild-type
type enzyme shown in red, coumarin
analogue bound into the Y205A
Y205A enzyme shown in orange.
















Figure 4.15. Stereoscopic image of a figure 4.7b. Space fill
ill model of
binding of aldehyde containing analogue bound in Y205A
Y205A enzyme. Two
key amino acids shown in blue, mutated tyrosine to alanine shown in
yellow, peptide substrate shown in pink, aldehyde analogue bound into the
Y205A enzyme shown in orange.
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Chapter 5: Creation of Site-Specific PEGylated Therapeutic Proteins Using PFTase

I would like to acknowledge Rao Ponugoti and Houachee Lee, whom I collaborated with
on some of these experiments. Rao Ponugoti for the synthesis of the PEG containing FPP
analogues and for the synthetic scheme shown. Houachee Lee for her assistance in
performing the kinetics assays for the new analogues.

Protein Farnesyltransferase has been shown to be a highly advantageous enzyme for
protein labeling. Its ability to label a wide variety of proteins, its versatility in the
substrates it utilizes and its amenability to modification to its improve activity make it a
promising option. But PFTase has yet to be used to create a protein therapeutic. Using
PFTase to create a PEGylated therapeutic protein would be of great benefit because the
PEG group can be installed quickly and site-specifically. We report our attempts to
PEGylate therapeutic neurotrophic factors and discuss for the first time the development
of PEG containing FPP analogues and their incorporation into proteins. This chapter
focuses on the creation and purification of CNTF-CVIA, the development of a PEGylated
version of CNTF using direct incorporation of the PEG group with PFTase and its
purification to a purified protein sample. This new method should provide the basis for
the development of a wide variety of PEG therapeutic proteins.
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5.1 Introduction

The development of biological therapeutics has been an area of intense research
within the past few decades. Biologics offer a number of advantages over small molecule
drugs in that they are highly specific in their binding and activity, which means that there
are fewer side effects from off-target activity.

Additionally, most protein-based

therapeutics are based on naturally occurring proteins within the human body, which
diminishes the chances of an immunogenic effect developing. Currently there are over
130 different biologic based therapies approved by the Food and Drug Administration
(FDA) and approximately half the highest grossing drugs are biologically based
therapeutics. 41-43, 45, 82
While protein based treatments offer a significant number of advantages, they do
come with limitations that prevent the development and widespread use of more biologic
based therapies.

The main disadvantage of using a protein-based drug is its rapid

clearance from the body after administration due to either degradation by proteases or
excretion from the kidneys. This leads to more frequent dosing of the protein which in
turn leads to inconsistent levels of the drug in the blood and difficulty in maintaining a
constant therapeutic dose. Frequent administration also means that there is a greater
chance to develop an immune response to the protein.44,

46

It is also a more costly

proposition.
To overcome some of these difficulties, researchers have used a variety of
techniques to prevent the degradation and clearance of proteins, and to increase its
circulating half-life. One common technique involves attaching a poly(ethylene glycol)
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(PEG) polymer to the protein, a process known as PEGylation. Protein PEGylation is
generally performed in two ways: non-site specific or site-specific. Non-site specific
attachment usually means reacting the protein with a PEG polymer functionalized with a
chemical group, which then forms a covalent bond to a complementary functional group
located on multiple positions throughout the protein.53 A good example of this is the
reaction between a protein with a succinimidyl ester containing PEG, where the
succinimidyl ester will react with all available amine groups on lysines or on the Nterminus. Non-site specific labeling has been used to PEGylate a wide variety of proteins
to improve their pharmacokinetics. There are now multiple protein-based drugs that use
this type of PEGylation strategy.63, 66, 69, 70
While non-site specific PEGylation strategies have been successfully employed in
the development of improved biologically based therapies, there are significant
downsides to using non-site specific labeling.

The two biggest disadvantages are

decreases in activity and a heterogeneous product mixture. Because non-site specific
labeling involves multiple sites of reaction, it is possible that the site of the protein that
becomes modified is at or near the site of action. This may cause a diminishment in the
protein’s normal activity and may decrease its therapeutic effect.52 A clear example of
this is when interferon is non-specifically PEGylated. It creates a heterogeneous mixture
of products with a wide range of biological activities from 6% to 36% for the different
isomers depending on the site of PEGylation.67
Site-specific PEGylation offers an attractive way to get the advantages that come
from PEGylating a protein but without the dramatic loss of activity that can accompany
non-site specific PEGylation. Site-specific PEGylation works by targeting unique sites
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on a protein to create a bond between the polypeptide and the PEG group. This can be
accomplished by chemical or enzymatic means. One of the more common ways this is
done is to create a bond between a cysteine and maleimide containing PEG group. Since
cysteine is one of the least common amino acids, many proteins either lack a cysteine or,
if they do contain one, it is in a disulfide bond and unable to react. Cysteines can be
genetically encoded into these proteins and reacted with a PEG-maleimide molecule to
create a single conjugate bond between the cysteine and PEG moiety.71 Another strategy
for chemical site-specific labeling is to use an aldehyde containing PEG to specifically
label the N-terminus. Since the N-terminal amine group of the protein has a lower pKa
value than the amine group’s only lysine, the N-terminus can be specifically PEGylated
by running the reaction at low pH.68 Both of these methods--cysteine modification and
N-terminal labeling--have to be used to create currently commercially available proteinPEG therapies.
While site-specific chemical modification has been used to create PEGylated
protein drugs, it is not without its own limitations. If there is more than one unpaired
cysteine, it would result in a heterogeneous product mixture.

Or if the site of

modification is near the active site of the protein, it may lead to an inactive form of the
drug. Researchers have been looking at enzymatic ways of creating site-specific PEG
conjugates because enzymes can be more specific in their site of attachment, often
needing only a minimal recognition sequence and only mild reaction conditions.
Enzymatic protein PEGylation usually involves encoding an enzyme recognition
sequence onto the protein and then labeling it with a substrate analogue. Usually this
substrate analogue contains a bioorthogonal functional group which will react with a

124

complementary functional moiety to create a new covalent bond. A number of different
enzymes have been used to create site specific PEGylated proteins including
sialyltransferase,126 sortase,35 transglutaminase133 and protein farnesyltransferase
(PFTase).21
PFTase is an enzyme which catalyzes the attachment of an farnesyl moiety from
farnesyl diphosphate (FPP) to a cysteine residue near the C-terminus of proteins
containing a four C-terminal amino acid tag via a thiol ether bond. This tag, referred to
as a “CaaX box”, is made up of four amino acids: a cysteine residue, where the farnesyl
moiety is attached, two spacer amino acids, traditionally thought of as aliphatic, and a
terminal residue, which for PFTase is usually serine, alanine or methionine.208 While
PFTase naturally catalyzes the reaction using FPP as one of its substrates, PFTase is
promiscuous in terms of the type of isoprenoid diphosphates it will accept as substrates.
While the diphosphate and first isoprene unit are required for catalysis, the enzyme will
accept substrates that have modification away from these positions.

Numerous

isoprenoid diphosphate substrates have been synthesized and effectively incorporated
onto proteins. These include substrates containing azides, alkynes,22,

23

aldehydes,118

cyclo-octenes,199 biotin40 and various fluorophores.200
PFTase is an attractive option for substrate labeling because it is site-specific to
the C-terminus of the protein, requires encoding only a small tag and can be used to add a
variety of different functional groups to proteins. PFTase has been used to create a wide
variety of different types of protein conjugates including protein-agarose bead
conjugates,23 protein-surface conjugates,209 protein-DNA conjugates22 and proteinpolymer conjugates.21 However, the use of PFTase to create PEGylated therapeutic
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proteins has yet to be fully explored. This present study explores using PFTase in this
fashion in more detail..
Neurotrophic factors are a class of proteins which help to promote the survival of
neurons. These proteins are promising candidates for drug development because they can
help to protect sensitive tissue from damage caused by hypoxia, hypoglycemia, infection,
ischemia, stroke or trauma.210

These proteins can help protect against the slow,

secondary wave of damage to the nervous system that often accompanies the initial
trauma due to the release of cell-damaging molecules produced by the dying cells207.
Treatment with neurotrophic factors offers a potential way to prevent the damage caused
after a traumatic event to the nervous system.
While there are several different neurotrophic factors that demonstrate some type
of neuroprotective role, three different neurotrophic factors have shown strong potential
therapeutic properties.

They are insulin like growth factor-I (IGF-I), brain-derived

neurotrophic factor (BDNF) and ciliary neurotrophic factor (CNTF),

IGF-1 is an

important cell-signaling molecule which has been studied as a possible treatment for
many neurological conditions.211-213 BDNF is likewise similar in promoting the growth,
development and maintenance of neuronal systems and it too has been studied as a
possible treatment for a wide range of conditions.214, 215 CNTF is a cytokine protein that
can act as a potent neuroprotective molecule. While CNTF has been investigated for
similar neuroprotective properties like IGF-1 and BDNF, it has also been studied for its
ability to protect against retinal degeneration.207, 216, 217
While these proteins have shown significant potential to treat numerous
conditions, their use as therapeutic agents has been rather limited mainly due to
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difficulties in their deliveries and dosages.218 One way to overcome these difficulties is
to PEGylate the protein before administration to increase their half-lives in the system
and thus will require less frequent dosing. This present study highlights our attempts to
create a PEGylated version of one of these neurotrophic factors with special emphasis on
CNTF. Our strategy, as seen in Figure 1, is to first create a CaaX containing protein,
prenylate it with an isoprenoid analogue and then, depending on the analogue, perform a
secondary reaction to install the PEG group.

Figure 5.1. The upper diagram shows a method of PFTase PEGylation
wherein the protein is first labeled with an FPP analogue containing a
bioorthogonal functional group; the protein is then PEGylated by reacting
that functional group with a PEG group that contains a complementary
functional group. The lower diagram shows a direct incorporation method
in which the protein is labeled with a PEG containing FPP analogue. This
analogue may contain another bioorthogonal reactive group for additional
labeling.
Additionally, this study will discuss the design and synthesis of a novel PEG containing
FPP analogue and its successful incorporation onto a CNTF protein. This appears to be
the most promising way of PEGylating neurotrophic proteins and eliminates many of the
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problems encountered with previous attempts at using PFTase to PEGylate therapeutic
proteins.

5.2 Methods and Materials

5.2.1 Vector design and synthesis. Genes for IGF-1, BNDF and CNFT as well as an
IGF-1 variant containing a CVIA terminal sequence were designed based on the protein
sequence found on NCBI and were ordered through the company DNA 2.0 (Menlo Park,
CA). Genes were ordered on a pJexpress414 vector. The sequence of these synthetic
genes is given Appendix A. For the CVIA portion of the CNTF, protein was added using
an Invitrogen QuikChange Site Directed Mutagenesis kit (catalogue #200523 Menlo
Park, CA) following the manufacturer’s instructions. The forward primer was
tatggtgcaaaagataaacaaatgtgcgtgattgcgtaactcgagccccctag, and the reverse
primer was ctagggggctcgagttacgcaatcacgcacatttgtttatcttttgcaccata. A plasmid containing
the CNTF-CVIA was transformed into BL21(DE3)pLysS E. coli cells.
5.2.2 CNTF purification. BL21(DE3)pLysS E. coli cells containing the CNTF-CVIA
plasmid were plated on LB-Agar plates containing 100 g/mL ampicillin. These plates
were grown overnight at 37 oC. Single colonies were then picked and used to innoculate
50 mL of LB media containing 100 g/mL ampicillin.

These flasks were grown

overnight with shaking at 250 rpm at 37 oC. 10 mL of the overnight culture was added to
1 L of LB media containing 100 g/mL of ampicillin and incubated at 37 oC with shaking
at 250 rpm. This culture was grown to an OD600 of 0.8 at which time protein expression
was induced by the addition of 1 mL of 1M IPTG for a final concentration of 1 mM
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IPTG. Cultures were then incubated for an additional 4 h by shaking at 250 rpm at 37 oC
followed by harvesting by centrifugation at 5,400g for 10 min. E. coli cell pellets were
stored at -80 oC.
A cell pellet corresponding to 1 L of cell growth was suspended in 50 mL of buffer
containing 50 mM Tris•HCl, pH 7.5 and 5 mM 2-mercaptoethanol. This was then
subjected to pulse sonication (10 sec sonication / 10 sec off) at 50 W for a total sonication
time of 5 min. The sonicated solution was then centrifuged at 13,000g for 30 min. The
supernatant was removed and the insoluble protein pellet containing the CNTF-CVIA
was suspended in 50 mL of buffer containing 10 mM Tris•HCl, pH 7.5, 6 M
guanidine•HCl, 5 mM 2-mercaptoethanol, and 100 mM NaH2PO4.

To thoroughly

suspend the protein, the solution was subjected again to pulse sonication (10 sec
sonication / 10 sec off) at 50 W for a total sonication time of 5 min. This solution was
then added at 3 mL/h to 1 L of refolding buffer (50 mM Tris•HCl, pH 7.5, 0.5 M NaCl,
10 mM CHAPS, 2 mM DTT). This solution was then left to stir overnight at 4 oC and
then concentrated to 50 mL using an Amicon Centriprep centrifugation (10,000 MW cutoff) according to the manufacturer’s instructions. This was then dialyzed against 20 mM
Tris•HCl, pH 7.5, to remove all the refolding buffer. Misfolded and insoluble protein
was then removed via centrifugation at 13,000g for 30 min. The soluble fraction was
then loaded on a MonoQ HR 5/5 anion exchange column using an ÄKTA purifier (GE
Healthcare, Piscataway, NJ). Protein was eluded using a two buffer system with Buffer
A: 50 mM Tris•HCl, pH 7.5, Buffer B: 50 mM Tris•HCl, pH 7.5, 1 M NaCl. The gradient
was 0-100% B over 30 mL at 0.5 mL/min. Pure CNTF eluted at approximately 30% B.
Fractions containing CNTF were dialyzed against 20 mM 50 mM Tris•HCl, pH 7.5.
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Glycerol was added to a final concentration of 40% and the protein was stored at -80 oC.
This yielded approximately 5 mg/1 L of cell culture.
CNTF-CVIA was confirmed by LC-MS. The LC method used was a gradient of
3% B to 97% B (Mobile Phase A: H2O, 0.1% HCO2H; Mobile Phase B: CH3CN, 0.1%
HCO2H) in 15 min. Mass spectra (m/z 300-2500) were collected every 0.2 s during the
chromatographic separation.
5.2.3 Activity Assays of PEG Containing FPP Analogue. The activity and relative
kinetics of the newly synthesized PEG containing FPP analogues were assayed for
PFTase activity using a fluorescence based assay described previously.160, 202 N-dansylGCVIA was preincubated with DTT for 30 min to ensure that no disulfide was present.
After incubation, the peptide/DTT solution was used to make an assay solution that had a
final concentration of 2 µM dansyl-CVIA, 5 mM DTT, 50 mM Tris•HCl ,pH 7.5, 10 mM
MgCl2, 10 µM ZnCl2, 0.04% n-dodecyl--D-maltoside, and varying concentrations of the
FPP analogue being investigated, ranging from 0-500 M. Due to the poor enzyme
activity, the concentration of enzyme needed to be run at 1 µM.
The reactions were performed using a DTX 880 Multimode Detector plate reader
(Beckman Coulter) in a black pinch bar 96-well plate (Nunc 237105) with a reaction
volume of 250 L.

The reactions were performed by addition of 100 L of a

concentrated reaction solution (5 M dansyl-GCVIA, 12.5 mM DTT, 125 mM Tris•HCl
(pH 7.5), 25 mM MgCl2, 25 M

ZnCl2, 0.1% n-dodecyl--D-maltoside).

The

diphosphate analogue was added at varying concentrations along with H2O to give a
volume in the well of 230 L. An initial fluorescent measurement was taken using the
excitation filter A340/10 to excite at 340 nm and emission was monitored at 505 nm
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using the F535/25 filter. Then, 20 L of PFTase in enzyme buffer (50 mM Tris•HCl (pH
7.5), 50 M ZnCl2, 5 mM MgCl2, 20 mM KCl, 1 mM DTT, 1 mg/mL BSA) was used to
initiate the enzymatic reaction. The fluorescence was monitored until it reached a plateau
signifying that the reaction was complete.
The data was exported from the Multimode Analysis Software, and the initial rate
values were calculated using Microsoft Excel. This rate was calculated using the linear
region of the progress curve. The enzymatic rate of each reaction was determined by
converting the rate obtained in fluorescence intensity units (FIU/s) to M/s with the
equation vi = RP/F, where vi is the enzymatic rate in M/s, R is the measured rate in
FIU/s, and P is the amount of product formed in the assay.

F is the change in

fluorescence intensity between the start of the assay and when the reaction is complete.
This rate data was exported to KaliedaGraph 3.6 and the kcat and Km were determined
using a nonlinear least-squares analysis. All kinetic values reported here are apparent
values because they were measured at a single fixed concentration of peptide substrate.
5.2.4 CNTF PEGylation. CNTF was PEGylated using a PEG containing FPP analogue
(1). The enzymatic reaction consisted of 50 mM Tris•HCl, pH 7.5, 50 µM ZnCl2, 10 mM
MgCl2, 20 mM KCl, 15 mM DTT, 50 µM FPP analogue, 2 µM CNTF-CVIA and 1 µM
yeast PFTase. The reaction was run for 4 hours at 30 oC, after which it was concentrated
to 500 µL using an Amicon Centriprep centrifugation (10,000 MW cut-off). Excess FPP
analogue and salts were removed with a NAP-5 column (Amersham) using 50 mM
Tris•HCl, pH 7.5 as the eluent. To separate CNTF-PEG from PFTase, the eluent from
the NAP-5 column was then loaded onto a MonoQ HR 5/5 anion exchange column. A
two buffer system was used with Buffer A: 50 mM Tris•HCl, pH 7.5, and Buffer B: 50
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mM Tris•HCl, pH 7.5, 1 M NaCl. The gradient was 0-100% B over 30 mL at 0.5
mL/min. CNTF-PEG eluted at approximately 30% B and PFTase eluted at approximately
50 % B.
Pure CNTF-PEG was confirmed by LC-MS on a Waters Acquity UPLC/Synapt
G2 QTOF. The LC method used was a gradient of 3% B to 97% B (Mobile Phase A:
H2O, 0.1% HCO2H; Mobile Phase B: CH3CN, 0.1% HCO2H) in 15 min. Mass spectra
(m/z 300-2500) were collected every 0.2 s during the chromatographic separation.
5.2.5 Neurite Outgrowth Cell Assay. 2x104 NS20Y cells were plated onto glass
coverslips in 30-mm Petri dishes. Cells were grown for 24 hours in DMEM/10% FBS
media, after which the media was replaced with DMEM/0.5% FBS and supplemented
with CNTF-CVIA. Cells were cultured for another 24 hours after which point the media
was removed, the cells washed with PBS and fixed for 30 min with Bouins solution.
Cells were then stained with crystal violet and imaged under a Nikon Eclipse Ni
microscope. Cell bodies and cell neurites were both measured. Any cell that contained a
neurite longer than the cell body was scored as a positive hit. One-hundred were counted
per plate and each assay was performed in triplicate.

5.3 Results

In order to develop our protein PEGylation method for therapeutic proteins, we
decided to look at three different proteins: IGF, BDNF, CNTF. These neurotropic factors
have been indicated as helping a number of different neurological diseases; they are also
important components in helping to repair or prevent damage in retinal degeneration.219,
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In order to develop site-specific modified versions of these proteins, our group first

needed to order plasmid encoded for the desired protein. Four different plasmids were
ordered encoded with the desired proteins: three for each protein (IGF-1, CNTF, BDNF)
and one for IGF-1 with a “CaaX box” protein. Plasmids were ordered from DNA 2.0
(Menlo Park, CA) and full sequences of the proteins are given in the Supplementary
Data. In order to aid in the purification of the proteins, the neurotropic factors were
encoded to contain a 6-hisitidne tag. To remove this tag, the proteins were encoded with
a protease sequence as well. For CNTF a thrombin cleavage site was used, whereas
BDNF and IGF-1 were encoded with a tobacco etch virus (TEV) sequence. The IGF-1
encoded with a “CaaX box” was ordered from DNA 2.0. A CaaX version of CNTF was
created by site-directed mutagenesis.
There are several obstacles that must be overcome when purifying neurotropic
factors from E. coli. First, this protein tends to form inclusion bodies when expressed in
E. coli and secondly, many of them contain multiple disulfide bonds which can become
scrambled during expression. This problem of disulfide scrambling can be especially
acute if another non-natural cysteine is added to the protein, as in our case, from the
“CaaX box”. Fortunately, CNTF lacks any natural cysteine residues, which is why this
protein is the main focus of our work.
CNTF-CVIA was first expressed in E. coli and the protein was separated into the
soluble and insoluble fractions.

CNTF-CVIA was resuspended from the insoluble

fraction by using a buffer containing 6 M Guanidine. This was then diluted 20-fold drop
wise into a refolding buffer and then concentrated down. This step was to help the protein
properly refold. This buffer was then dialyzed against a Tris•HCl buffer to remove
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excess salts and other reagents. Afterward the soluble folded protein was separated from
the insoluble material by centrifugation.

The protein was finally purified by anion

exchange column chromatography to get a single purified sample (See Figure 5.2).

Figure 5.2. SEC chromatogram (Abs.= 280 nm) showing purification of
CNTF-CVIA. CNTF-CVIA elutes first from the column at about 30% B.
Solvent A: 50 mM Tris HCl pH= 7.5; Solvent B=50 mM Tris HCl pH=
7.5, 1 M NaCl.
LC-MS analysis of CNTF-CVIA showed an even distribution of charged species
for the CNTF-CVIA protein and the deconvoluted spectrum showed at single peak at
24,803 which is within the margin of error for the calculated value of 24,804.3 (Figure
5.3).
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Figure 5.3. LC-MS of purified CNTF-CVIA. The calculated mass was
28,804.3 and the deconvulated mass was 24,803, which is within the
margin of error for this type of mass spectrum.
These LC-MS results help to confirm that the proper CNTF-CVIA protein was purified
and that the protein itself is relatively clear of any contaminates, as demonstrated by the
low background of other proteins in the deconvulated spectrum. SDS-PAGE results
showed similar results (data not shown).
Once a pure sample of CNTF-CVIA was obtained, the next step was to try to
prenylate the sample with an isoprenoid analogues that contain a bioorthogonal reactive
group, which can be used to attach PEG groups. Since our group has created a number
isoprenoid analogues that can be used to perform subsequent conjugation reactions, our
initial approach was to label CNTF with one of these analogues and then perform a
secondary bioorthogonal reaction to install the PEG moiety onto the protein. Attempts
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were made to prenylate CNTF using several different isoprenoid analogues that contained
either an alkyne or aldehyde group. However, these isoprenoid moieties seemed to cause
some type of precipitation which made isolating the prenylated species very difficult.
Even when CNTF-CVIA was not initially purified from the PFTase before undergoing
the subsequent conjugation reaction to PEGylate the protein, isolation of the PEGylated
product still proved difficult. The PEGylated product could be seen by analysis of SDSPAGE gel of the crude reaction. However, subsequent purification techniques including
size-exclusion chromatography, anion exchange chromatography, and HPLC never
resulted in a pure PEGylated sample.
In order to attempt to PEGylate the CNTF protein, our lab decided to try a
different approach to install the PEG moiety. Instead of first prenylating the protein with
an isoprenoid containing a bioorthogonal functional group and then performing a second,
separate PEGylation reaction using that functional group, we wanted to see if we could
directly PEGylate CNTF using a PEG containing isoprenoid analogue. The promiscuity
of PFTase with regard to the type of substrates, both protein and isoprenoid, has been an
area of active study.221, 222 Interestingly, it has been shown that while the diphosphate
and first iosprene moiety are required for catalysis, the enzyme is surprisingly tolerant of
other modifications of the isoprenoid. Besides the numerous analogues developed by our
group, other researchers have created a number of different analogues of FPP by making
various modifications at different positions--not limited to just the third isoprenoid
unit.223 These developments led our group to investigate whether the enzyme would
accept as a substrate an analogue which contained a diphosphate portion, only one
isoprenoid unit followed by a PEG tail.
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Two separate isoprenoid analogues were synthesized that used this strategy: one
containing one PEG unit and the other containing two PEG units (Figure 5.4). (See
Supplement Data for synthesis).

Figure 5.4. Structures of the two PEG containing FPP analogues.
Analogue 1 has two PEG units whereas analogue 2 has only one PEG unit.
Both analogues contained an alkyne moiety at their terminus, so that in future
experiments large PEG groups may be attached to the protein using a secondary
bioorthgonal reaction.

The advantage to replacing the isoprenoid groups with PEG

groups in the FPP analogue is that it might increase the protein’s solubility or, at the very
least, not cause the protein to precipitate as seen with some of the more hydrophobic
analogues.

The synthetic method for these analogues is described in the

Methods/Materials portion of this chapter and their characteristic data is shown in
Supplementary Data.
After the probes were synthesized, they were evaluated for their ability to be
substrates of PFTase. A fluorescence based PFTase was used to determine if the probes
were substrates and to find their kinetic parameters. This assay relies on the change in
fluorescence intensity that occurs upon prenylation of danslyated peptide due to the
increase in hydrophobicity around the dansyl group.

Because our PEG containing
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analogues are less hydrophobic then FPP, the change in fluorescence intensity was not as
large as with FPP; however a discernable fluorescence intensity change was observed and
could be monitored over time.
The results from kinetic data of PFTase with the PEGylated analogue reveal that
while the analogues are substrates for the enzyme, they have very diminished kinetic
parameters as compared to FPP. As seen in Table 5.1, the Km for 1 was 13 µM with a kcat
of 7.7x10-4 sec-1 and the Km for 2 is 144 µM and a kcat of 2.2x10-3 sec-1. While these
kinetic parameters are quite slow compared to many of the other FPP analogues, these
can be overcome by using high concentrations of enzyme. The key advantages of sitespecificity and mild reaction conditions are retained using this enzymatic labeling.

PEG FPP Analogue
kcat
Km
-4
-5 -1
7.7x10 + 3x10 s
13 + 2 µM
1
2.2x10-3 + 3x10-4 s-1
140 + 40 µM
2
Table 5.1. Kinetic values of PEG containing FPP analogues with
yPFTase. All values were collected by varying isoprenoid concentration
and holding the peptide substrate constant (2µM).
Once it was established that analogues containing small PEG groups could be
directly used by the PFTase as a substrate, the next task was to prenylate the CNTF
protein with one of these analogues. Analogue 1 was chosen to label CNTF because it
has the much lower Km value as compared to analogue 2 (thereby minimizing the amount
of analogue needed to run the prenylation reaction) and, more importantly, analogue 1
has two PEG units instead of one, which means it should confer a slightly greater degree
of protection against proteolysis. After the prenylation was run using analogue 1 and
CNTF-CVIA, the reaction did not show any precipitation and the prenylated product
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could be easily separated from PFTase using anion exchange chromatography (See
Figure 5.5).

Figure 5.5. SEC chromatogram (Abs.= 280 nm) showing purification of
PEGylated CNTF. The PEGylated protein elutes at approximately 30% B
wherease the PFTase elutes at approximately 50%. Solvent A: 50 mM
Tris HCl pH= 7.5; Solvent B=50 mM Tris HCl pH= 7.5, 1 M NaCl.
LC-MS was used to confirm the PEGylated product and also determine the extent of
conversion. The results showed that indeed the PEGylated product was obtained and that
there was almost complete conversion to the PEGylated product (See Figure 5.6).
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Figure 5.6. LC-MS of PEGylated CNTF-CVIA with 1. The calculated
mass was 25016.5 and the deconvulted mass was 25014, which is within
the margin of error for this type of mass spectrum.
This PEGylated protein was then submitted for in vivo animal testing.
In order to determine the effectiveness of a PEGylated CNTF using our
PEGylation strategy and to ensure that adding a “CaaX box” did not significantly perturb
the activity of CNTF, we wanted to have an assay to measure CNTF’s effect. A neurite
growth assay was used for this purpose. NS20Y cells, which are murine neuroblastoma
cells, were used as the cells in this assay. This assay works wherein NS20Y cells are
treated with CNTF under serum starved conditions. This causes them to differentiate and
grow neurites. Cell populations treated with CNTF will show more cells with neurites
than in populations lacking CNTF. Cells are scored based on neurite growth if the
neurite length is greater than the cell body length.
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Figure 5.7. CNTF-CVIA treatments of NS20Y cells. Values are
expressed as the percentage of cells with a neurite longer than their cell
body.
When CNTF-CVIA was used to treat NS20Y cells, the results showed an increase
in the number of cells containing neurite growth from approximately 20% to 40%. (See
Figure 5.7) This result is in keeping with previously reported effects of CNTF on NS20Y
cells, which show a similar increase in the amount of neurite formation.224 This indicates
that the CVIA modification to the C-terminus did not significantly perturb the binding of
CNTF to its receptor. This result is not only important for CNTF-CVIA but also bodes
well for using the C-terminus as a sight of PEGylation because modifications to the Cterminus do not appear to be affecting the protein’s activity. While the addition of CVIA
is a small modification, compared to the size of most PEG moieties added to protein
therapeutics, it is a promising first step and suggests that the protein’s activity should not
be greatly perturbed by the addition of a small PEG group, which even these small PEG
groups have shown to confer biological stability to proteins.
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Overall, these results indicate that the PEGylation of therapeutic proteins using
PFTase is a viable method. The main limitation with using PFTase for PEGylation is that
for some proteins, as is the case with CNTF, it may precipitate with the addition of an
FPP analogue. This result is somewhat unexpected given the size of the FPP analogue
compared to overall size of the protein and it would be worthwhile to study whether this
result could be predicted based on a given protein structure. This phenomenon can be
overcome, however, by using a more hydrophilic FPP analogue. While the kinetics of
these analogues are much slower compared to the more hydrophobic FPP analogues, their
stabilizing effect to the protein’s solubility and the fact that they can also include a
bioorthgonal handle make these attract targets for further research and further
development.

5.4 Conclusion

In this study we have shown the CNTF-CVIA can be purified from E. coli, that this
modification of the C-terminal end of the protein does not appear to inhibit its biological
effect and that CNTF can be directly PEGylated with a PEG containing FPP substrate.
This is the first time, to this author’s knowledge, that PEG has been directly attached to a
protein using PFTase. It is also one of only a few examples showing the capability of an
enzyme with direct, site-specific PEGylation. While the PEG groups were small, this
points to a new direction in enzymatic modification wherein polymers can be directly
added to proteins without having to perform a secondary bioorthogonal reaction.

142

Hopefully, these new types of methods will lead to a new generation of biological
therapeutics with increased efficacy and decreased degradation and clearance.
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5.6 Supplemental Data
5.6.1 IGF-1 Protein
MHHHHHHENL YFQGPETLCG AELVDALQFV CGPRGFYFNK 
PTGYGSSIRR APQTGIVDEC CFRSCDLRRL EMYCAPLKPT KSA
DNA Sequence (with ATG star underlined):
E

I

K

H

M

H

H

H

H

H

H

E

N

L

Y

F

Q

G

P

E

gagataaaacatatgcaccatcatcaccatcacgagaacttgtactttcagggtccagaa
T

L

C

G

A

E

L

V

D

A

L

Q

F

V

C

G

P

R

G

F

acgttatgtggcgccgaactggtcgatgcgctgcaattcgtgtgcggtccgcgtggcttt
Y

F

N

K

P

T

G

Y

G

S

S

I

R

R

A

P

Q

T

G

I

tacttcaataagccgaccggttatggtagcagcattcgccgtgcaccgcagaccggcatc
V

D

E

C

C

F

R

S

C

D

L

R

R

L

E

M

Y

C

A

P

gttgacgagtgttgtttccgttcctgcgacctgcgtcgcctggagatgtattgcgctccg
L

K

P

T

K

S

A

*

L

E

ctgaaaccgactaaaagcgcgtaactcgag

5.6.2 IGF-1-CVIA Protein
MHHHHHHENL YFQGPETLCG  AELVDALQFV  CGPRGFYFNK 
PTGYGSSIRR  APQTGIVDEC  CFRSCDLRRL  EMYCAPLKPT  KSACVIA

DNA Sequence (with ATG star underlined):
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E

I

K

H

M

H

H

H

H

H

H

E

N

L

Y

F

Q

G

P

E

gagataaaacatatgcaccatcatcaccatcacgagaacttgtactttcagggtccagaa
T

L

C

G

A

E

L

V

D

A

L

Q

F

V

C

G

P

R

G

F

acgttatgtggcgccgaactggtcgatgcgctgcaattcgtgtgcggtccgcgtggcttt
Y

F

N

K

P

T

G

Y

G

S

S

I

R

R

A

P

Q

T

G

I

tacttcaataagccgaccggttatggtagcagcattcgccgtgcaccgcagaccggcatc
V

D

E

C

C

F

R

S

C

D

L

R

R

L

E

M

Y

C

A

P

gttgacgagtgttgtttccgttcctgcgacctgcgtcgcctggagatgtattgcgctccg
L

K

P

T

K

S

A

C

V

I

A

*

L

E

ctgaaaccgactaaaagcgcgtgcgttatcgcgtaactcgag

5.6.3 BDNF Protein
MHHHHHHENL YFQGHSDPAR RGELSVCDSI SEWVTAADKK 
TAVDMSGGTV TVLEKVPVSK GQLKQYFYET KCNPMGYTKE 
GCRGIDKRHW NSQCRTTQSY VRALTMDSKK RIGWRFIRID 
TSCVCTLTIK RGR
DNA Sequence (with ATG star underlined):
E

I

K

H

M

H

H

H

H

H

H

E

N

L

Y

F

Q

G

H

S

gagataaaacatatgcaccatcatcaccatcacgagaacctgtattttcaaggccacagc
D

P

A

R

R

G

E

L

S

V

C

D

S

I

S

E

W

V

T

A

gacccagcacgtcgcggtgaactgagcgtttgtgattcgattagcgaatgggtcaccgcc
A

D

K

K

T

A

V

D

M

S

G

G

T

V

T

V

L

E

K

V

gctgacaagaaaacggcggttgacatgagcggtggcaccgtgaccgttctggagaaggtg
P

V

S

K

G

Q

L

K

Q

Y

F

Y

E

T

K

C

N

P

M

G

ccggtcagcaagggccagctgaaacagtacttctacgaaacgaagtgcaatccgatgggc
Y

T

K

E

G

C

R

G

I

D

K

R

H

W

N

S

Q

C

R

T

tatactaaagagggttgtcgcggtattgataaacgtcactggaactctcaatgtcgtacc
T

Q

S

Y

V

R

A

L

T

M

D

S

K

K

R

I

G

W

R

F
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acccagagctacgtgcgcgcgttgaccatggactccaaaaagcgtatcggttggcgtttc
I

R

I

D

T

S

C

V

C

T

L

T

I

K

R

G

R

*

L

E

atccgcatcgatacgagctgcgtctgcaccctgacgattaaacgtggtcgttaactcgag

5.6.4 CNTF Protein
MHHHHHHLVP RGSMAFAEQT PLTLHRRDLC SRSIWLARKI 
RSDLTALMES YVKHQGLNKN INLDSVDGVP VASTDRWSEM 
TEAERLQENL QAYRTFQGML TKLLEDQRVH FTPTEGDFHQ 
AIHTLMLQVS AFAYQLEELM VLLEQKIPEN EADGMPATVG 
DGGLFEKKLW GLKVLQELSQ WTVRSIHDLR VISSHQMGIS 
ALESHYGAKD KQM
DNA Sequence (with ATG star underlined):
E

I

S

R

M

H

H

H

H

H

H

L

V

P

R

G

S

M

A

F

gagatatctagaatgcaccatcatcatcaccacctggttccacgcggtagcatggccttc
A

E

Q

T

P

L

T

L

H

R

R

D

L

C

S

R

S

I

W

L

gctgaacaaaccccgctgacgctgcaccgtcgcgatctgtgctcccgtagcatctggctg
A

R

K

I

R

S

D

L

T

A

L

M

E

S

Y

V

K

H

Q

G

gcccgcaagattcgtagcgacctgaccgcattgatggaatcttacgttaagcatcaaggt
L

N

K

N

I

N

L

D

S

V

D

G

V

P

V

A

S

T

D

R

ctgaacaaaaacattaatctggatagcgtggatggtgttccggtcgcgagcacggaccgt
W

S

E

M

T

E

A

E

R

L

Q

E

N

L

Q

A

Y

R

T

F

tggagcgaaatgaccgaagcggagcgcctgcaggagaacctgcaggcatatcgtaccttc
Q

G

M

L

T

K

L

L

E

D

Q

R

V

H

F

T

P

T

E

G

caaggtatgctgaccaaactgctggaggatcaacgcgtgcactttacgccgaccgaaggt
D

F

H

Q

A

I

H

T

L

M

L

Q

V

S

A

F

A

Y

Q

L

gattttcatcaggcgatccacaccctgatgctgcaagttagcgcttttgcttaccagctg
E

E

L

M

V

L

L

E

Q

K

I

P

E

N

E

A

D

G

M

P

gaagagctgatggtgttgttggaacagaagattccggagaatgaggccgacggtatgccg
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A

T

V

G

D

G

G

L

F

E

K

K

L

W
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5.6.5 PEG FPP Analogue Synthesis

Figure 5.8. Synthesis scheme of C5-Alkyne- glycol linker-Diphosphate
Synthesis of allylic chloride compound (4): The Compound 2 and 3 were previously
reported for our group (J. Org. Chem. 2001, 66, 3253-3264). To a solution of the allylic
alcohol (1.0 g, 5.3 mmol) and Ph3P (1.69 g, 6.4 mmol) in dry CH2Cl2 (25 mL) NCS (0.78
g, 5.8 mmol) was added at 0 °C under argon. The reaction mixture was stirred at 0 °C for
1 h, and was then allowed to warm to room temperature, and stirring was continued for 2
h. The mixture was diluted with pentane (50 mL) and passed through a pad of celite
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under suction to remove the precipitate of Ph3PO. The filtrate was concentrated at 48 °C
without vacuum, and the resulting residue was dissolved in 50 mL of pentane and passed
through a pad of celite to remove Ph3PO. Evaporation of solvent at 48 °C under ambient
pressure gave the crude product which was purified by column chromatography at SiO2
using hexane as solvent.
Compound 4: 1H NMR (300 MHz, CDCl3):  1.42-1.62 (m, 4H), 1.65-1.85 (m, 2H), 1.81
(s, 3H), 3.51 (t, J = 4.8, 2H), 3.86 (m, 1H), 4.04 (s, 2H), 4.06 (t, J = 6.8 Hz, 1H), 4.26 (m,
1H ), 4.62 (t, J = 2.8 Hz, 1H), 5.72 (m, 1H). 13C-NMR (75 MHz, CDCl3):  14.2, 20.4,
25.4, 30.4, 52.0, 63.0, 64.5, 105.3, 123.2, 132.3.

General procedure for the synthesis of compounds 5 and 6:
Sodium hydroxide (1.0 eq) was dissolved in 4 mL of water in a round bottom flask.
Subsequently, glycol (10.0 eq) was added and the resulting mixture was heated to 70-75
°C under stirring. Compound 4 (1.0 eq) together with the catalyst KI (0.2 eq) was added
to the reaction mixture. The reaction mixture was stirred at 70-75 °C for 24 h. After
cooling to room temperature, the solution was poured into water (300 mL) and dried over
anhydrous sodium sulfate. After evaporation of the solvent, the residue product was
purified by column chromatography at SiO2 using hexane/ethylacetate (3:2) as an eluent.

Compound 5: 1H NMR (300 MHz, CDCl3):  1.42-1.62 (m, 6H), 1.68 (s, 3H), 2.43(brs,
1H), 3.45 (m, 2H), 3.71-3.82 (m, 3H), 3.92-3.99 (m, 1H), 4.20-4.41 (m, 1H), 4.52 (t, J =
4.2 Hz, 1H), 5.52 (m, 1H).

13

C-NMR (75 MHz, CDCl3):  14.6, 20.1, 26.0, 31.2, 62.4,

62.8, 63.9, 71.6, 77.0, 98.6, 124.4, 136.6
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Compound 6: 1H NMR (300 MHz, CDCl3):  1.40-1.49 (m, 6H), 1.58 (s, 3H), 3.04(brs,
1H), 3.38-3.54 (m, 9H), 3.68 (m, 1H), 3.82-3.95 (m, 2H), 3.98-4.10 (m, 1H), 4.21-4.28
(m, 1H ), 4.58 (t, J = 4.2 Hz, 1H), 5.60 (m, 1H).

13

C-NMR (75 MHz, CDCl3):  14.5,

20.0, 26.0, 31.2, 62.2, 62.7, 63.8, 69.6, 71.0, 73.2, 77.0, 98.5, 124.5, 136.5

General procedure for the synthesis of compounds 7 and 8:
NaH (1.5 eq) was added to a solution of glycol monoallyl ether (1.0 eq) in 10 ml of THF
and the resulting suspension was stirred at 0 oC for 30 min, followed by the dropwise
addition of propargyl bromide (4.0 eq). Reaction mixture was allowed to warm up to
room temperature and stirred for overnight at r.t., then quenched with saturated
ammonium chloride, and the product was extracted with ether. Combined organic layers
were washed with brine solution, dried over anhydrous sodium sulfate, and the solvent
was removed under reduced pressure. The resulting residue was purified by column
chromatography using hexane/ethylacetate (9:1) as an eluent.

Compound 7: 1H NMR (300 MHz, CDCl3):  1.42-1.62 (m, 6H), 1.68 (s, 3H), 2.41(t, J =
1.8 1H), 3.47-3.57 (m, 4H), 3.66-3.70 (m, 2H), 3.83-3.91 (m, 1H), 3.92(s, 2H), 4.02-4.08
(m, 1H), 4.24(s, 2H), 4.61 (t, J = 4.2 Hz, 1H), 5.62 (m, 1H). 13C-NMR (75 MHz, CDCl3):
 14.6, 20.1, 26.2, 31.4, 59.1, 62.8, 63.9, 71.2, 71.6, 75.2, 77.0, 98.5, 124.4, 136.7

Compound 8: 1H NMR (300 MHz, CDCl3):  1.46-1.60 (m, 6H), 1.68 (s, 3H), 2.40 (s,
1H), 3.45-3.54 (m, 4H), 3.59-3.70 (m, 6H), 3.82-3.88 (m, 1H), 3.89 (s, 2H), 3.99-4.06
(m, 1H), 4.17 (s,2H), 4.21-4.27 (m, 1H ), 4.58 (t, J = 4.2 Hz, 1H), 5.57 (m, 1H).

13

C-
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NMR (75 MHz, CDCl3):  14.6, 20.1, 26.1, 31.3, 59.0, 62.8, 63.9, 69.7, 71.1., 71.2, 75.2,
77.1, 98.6, 124.3, 136.8


General procedure for the synthesis of compounds 9 and 10:
To a solution of Tetrahydropyran ether alkyne (1.0 eq) in THF (10.0 mL) at -78 oC under
argon was added n-BuLi (1.1 eq), and the resulting solution was stirred for 30 min at -78
oC. A solution of TBSCl (1.1 eq) in THF (5.0 mL) was then added, and the reaction was
stirred at -78 oC for 1 h, then warmed to room temperature and stirred for 3 h. The
reaction was quenched with water (20 mL) and stirred for 15 min. The mixture was
diluted with Et2O (50 mL),and the phases were separated. The aqueous phase was
extracted with Et2O (50 mL), and the combined organic phases were washed with brine
(50 mL) and dried over MgSO4.The solution was concentrated in vacuo, purified the
crude silane using column chromatography in 9:1 hexanes/ethylacetate) as a eluent.

Compound 9: 1H NMR (300 MHz, CDCl3):  -0.06 (s, 6H), 0.84 (s, 9H), 1.42-1.62 (m,
6H), 1.65 (s, 3H), 3.53-3.59 (m, 3H), 3.66-3.70 (m, 2H), 3.71-3.92 (m, 1H), 3.93(s, 2H),
4.02-4.09 (m, 1H), 4.27(s, 2H), 4.61 (t, J = 4.2 Hz, 1H), 5.62 (m, 1H).

13

C-NMR (75

MHz, CDCl3):  -4.01, 14.6, 17.2, 20.1, 26.2, 26.7, 31.3, 59.1, 62.8, 63.9, 71.2, 71.6,
77.0, 90.1, 98.5, 102.6, 124.4, 136.7

Compound 10: 1H NMR (300 MHz, CDCl3):  -0.08 (s, 6H), 0.91 (s, 9H), 1.51-1.60 (m,
6H), 1.69 (s, 3H), 3.52-3.56 (m, 3H), 3.61-3.69 (m, 4H), 3.70 (s, 2H), 3.83-3.90 (m, 1H),
3.92 (s, 2H), 4.02-4.10 (m, 1H), 4.24 (s,2H), 4.26-4.30 (m, 1H ), 4.58 (t, J = 4.2 Hz, 1H),
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5.60 (m, 1H).

13

C-NMR (75 MHz, CDCl3):  -4.02, 14.6, 17.1, 20.1, 26.1, 26.7, 31.2,

59.8, 62.8, 63.8, 69.5, 69.6, 71.1., 71.2, 77.1, 90.2, 98.5, 102.7, 124.3, 136.8


General procedure for the synthesis of compounds 11 and 12:
To a solution of 9 or 10 (1.0 eq) in EtOH (10 mL) was added PPTs (0.15 eq) and the
reaction stirred at 55 °C for 8 h. The solvent was partially evaporated in vacuo, the
resulting solution was diluted with Et2O, and washed with half-saturated brine to remove
the catalyst. The organic layer was dried over Na2SO4 and concentrated to yield vacuo,
purified the crude alcohol using column chromatography in hexanes/ethylacetate (3:2) as
a light yellow oil.

Compound 11: 1H NMR (300 MHz, CDCl3):  -0.07 (s, 6H), 0.91 (s, 9H), 1.66 (s, 3H),
2.21 (brs, 1H), 3.54-3.57 (m, 2H), 3.67-3.68 (m, 2H), 3.89 (s, 2H), 4.16-4.19 (m, 4H),
5.63 (m, 1H).

13

C-NMR (75 MHz, CDCl3):  -4.00, 14.5, 17.1, 26.7, 30.3, 59.6, 59.8,

69.5, 77.0, 90.1, 102.6, 126.9, 136.0

Compound 12: 1H NMR (300 MHz, CDCl3):  -0.03 (s, 6H), 0.87 (s, 9H), 1.61 (s, 3H),
2,21 (brs, 1H), 3.48-3.52 (m, 2H), 3.57-3.64 (m, 4H), 3.65 (s, 2H), 3.85 (s, 2H), 4.10-4.15
(m, 4H), 5.58 (m, 1H). 13C-NMR (75 MHz, CDCl3):  -4.02, 14.5, 17.0, 26.6, 59.4, 59.7,
69.5, 69.7, 71.0., 71.2, 77.0, 90.3, 98.5, 102.7, 127.1, 135.7

General procedure for the synthesis of compounds 13 and 14:
PPh3 (polymer-supported beads, 1.1 eq) was added to a solution of 11 or 12 (1.0 eq) in
CH2Cl2 (10 mL), and the reaction was stirred for 20 min at room temperature to let the
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beads swell in the solution. CBr4 (1.1 eq) was added slowly to the reaction mixture and
the reaction was stirred for 30 min when TLC analysis showed most of starting material
was converted to product. The reaction mixture was filtered to separate beads, and
solvent was evaporated in vacuo. The product was further purified by silica gel flash
chromatography with 9:1 hexanes/ethylacetate) as an eluent.

Compound 13: 1H NMR (300 MHz, CDCl3):  -0.01 (s, 6H), 0.92 (s, 9H), 1.72 (s, 3H),
3.55-3.58 (m, 2H), 3.67-3.70 (m, 2H), 3.94 (s, 2H), 4.00 (d, J = 8.4 Hz, 2H), 4.21 (s, 2H),
5.78 (m, 1H). 13C-NMR (75 MHz, CDCl3):  -3.9, 14.1, 17.1, 26.7, 28.7, 30.3, 30.4, 32.3,
59.8, 69.5, 69.7, 76.4, 90.4, 102.6, 123.1, 139.9

Compound 14: 1H NMR (300 MHz, CDCl3):  -0.07 (s, 6H), 0.89 (s, 9H), 1.71 (s, 3H),
3.53-3.57 (m, 2H), 3.62-3.69 (m, 4H), 3.71 (s, 2H), 3.94 (s, 2H), 4.01 (d, J = 8.4 Hz, 2H),
4.21 (s, 2H), 5.78 (m, 1H).

13

C-NMR (75 MHz, CDCl3):  -4.00, 14.1, 17.4, 26.8, 28.5,

30.3, 30.4, 32.3, 59.6, 69.5, 69.7, 76.5, 77.0, 90.3, 102.7, 123.2, 139.7



The protected alkyne bromide 13 or 14 (1.0 eq) was pyrophosphorylated with [(nBu)4N]3HP2O7 (1.2 eq) in anhydrous CH3CN (5.0 mL) for 4 h at room temperature. The
product was converted to the NH4 + salt using an ionexchange column (Dowex 50W-X8
resin, NH4 + form) equilibrated in and eluted with 25 mM NH4HCO3/2-propanol
(49:1,v/v), and the salt was obtained by lyophilization. The final product was purified
employing a reversed-phase C18 column (Sep-pak cartridge) eluted with a step gradient
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containing 25 mM NH4HCO3 and CH3CN. After lyophilization, PEG diphosphates were
obtained as a white solid.
Compound 15: 1H NMR (300 MHz, D2O, adjusted to pH 8.5 with ND4OD):  -0.04 (s,
6H), 0.75 (s, 9H), 1.53 (s, 3H), 3.45-3.47 (m, 2H), 3.56-3.59 (m, 2H), 3.81 (s, 2H), 4.06
(s, 2H), 4.34 (t, J = 6.8 Hz, 2H), 5.51 (m, 1H). 31PNMR (121.4 MHz, D2O, pH 8.5 with
ND4OD):  -5.810 (d, J = 22.6, 1P), -9.975 (d, J = 22.6, 1P); HR-ESI-MS calcd for
C16H31O9P2Si [M-H] 457.1918, found 457.1933.
Compound 16: 1H NMR (300 MHz, D2O, adjusted to pH 8.5 with ND4OD):  -0.10 (s,
6H), 0.73 (s, 9H), 1.52 (s, 3H), 3.41-3.57 (m, 8H), 3.81 (s, 2H), 4.05 (s, 2H), 4.34 (t, J =
6.8 Hz, 2H), 5.51 (m, 1H).

31

PNMR (121.4 MHz, D2O, pH 8.5 with ND4OD):  -5.710

(d, J = 22.6, 1P), -9.875 (d, J = 22.6, 1P); HR-ESI-MS calcd for C18H35O10P2Si [M-H]
501.1480, found 501.0857.



General procedure for the synthesis of compounds 17 and 18:
To a stirred solution of compound 17 or 18 (1.0 eq) in dry CH3CN was added TBAF (2.0
eq) at room temperature. The reaction mixture was stirred for 4 h at room temperature.
Then the reaction mixture was concentrated under reduced pressure and the crude product
was purified employing a reversed-phase C18 column (Sep-pak cartridge) eluted with a
step gradient containing 25 mM NH4HCO3 and CH3CN. After lyophilization, PEG
diphosphates was obtained as a white solid.
Compound 17: 1H NMR (300 MHz, D2O, adjusted to pH 8.5 with ND4OD):  1.53 (s,
3H), 2.68 (s, 1H), 3.44-3.47 (m, 2H), 3.55-3.58 (m, 2H), 3.82 (s, 2H), 4.05 (t, J = 1.2 Hz,
2H), 4.35 (t, J = 6.8 Hz, 2H), 5.51 (m, 1H).

31

PNMR (121.4 MHz, D2O, pH 8.5 with
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ND4OD):  -5.833 (d, J = 22.6, 1P), -9.824 (d, J = 22.6, 1P); HR-ESI-MS calcd for
C10H17O9P2 [M-H] 343.0353, found 343.0329.
Compound 18: 1H NMR (300 MHz, D2O, adjusted to pH 8.5 with ND4OD):  1.40 (s,
3H), 2.58 (s, 1H), 3.30-3.45 (m, 8H), 3.68 (s, 2H), 3.92 (s, 2H), 4.20 (t, J = 6.8 Hz, 2H),
5.38 (m, 1H).

31

PNMR (121.4 MHz, D2O, pH 8.5 with ND4OD):  -5.801 (d, J = 22.6,

1P), -9.745 (d, J = 22.6, 1P); HR-ESI-MS calcd for C12H21O10P2 [M-H] 387.0615, found
387.0495.
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