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ABSTRACT: Site-specific chemical modification of proteins
is important for many applications in biology and biotechnol-
ogy. Recently, our laboratory and others have exploited the
high specificity of the enzyme protein farnesyltransferase
(PFTase) to site-specifically modify proteins through the use
of alternative substrates that incorporate bioorthogonal
functionality including azides and alkynes. In this study, we
evaluate two aldehyde-containing molecules as substrates for
PFTase and as reactants in both oxime and hydrazone
formation. Using green fluorescent protein (GFP) as a model system, we demonstrate that the purified protein can be
enzymatically modified with either analogue to yield aldehyde-functionalized proteins. Oxime or hydrazone formation was then
employed to immobilize, fluorescently label, or PEGylate the resulting aldehyde-containing proteins. Immobilization via
hydrazone formation was also shown to be reversible via transoximization with a fluorescent alkoxyamine. After characterizing
this labeling strategy using pure protein, the specificity of the enzymatic process was used to selectively label GFP present in
crude E. coli extract followed by capture of the aldehyde-modified protein using hydrazide−agarose. Subsequent incubation of the
immobilized protein using a fluorescently labeled or PEGylated alkoxyamine resulted in the release of pure GFP containing the
desired site-specific covalent modifications. This procedure was also employed to produce PEGylated glucose-dependent
insulinotropic polypeptide (GIP), a protein with potential therapeutic activity for diabetes. Given the specificity of the PFTase-
catalyzed reaction coupled with the ability to introduce a CAAX-box recognition sequence onto almost any protein, this method
shows great potential as a general approach for selective immobilization and labeling of recombinant proteins present in crude
cellular extract without prior purification. Beyond generating site-specifically modified proteins, this approach for polypeptide
modification could be particularly useful for large-scale production of protein conjugates for therapeutic or industrial applications.

■ INTRODUCTION
Site-specific chemical modification of proteins is important for
many applications in biology and biotechnology. It can facilitate
studies of proteins with respect to their structure, folding, and
interaction with other proteins in both biochemical and cellular
investigations. In particular, in many biotechnology applica-
tions, the oriented (i.e., site-specific) covalent attachment of
proteins to surfaces is important because it ensures
homogeneous surface coverage and accessibility to the active
site of the protein.1−8 Protein immobilization is an important
first step for many applications including construction of
biosensors and protein microarrays, development of immuno-
assay methods, and employment of enzymes in biotechnology
procedures.9−11 Similarly, site-specific protein labeling is
essential for a variety of applications ranging from introduction
of fluorophores for biophysical studies to preparation of
protein−polymer conjugates for medical applications.12−17

Importantly, the structural sensitivity of polypeptides calls for
chemical transformations that proceed under mild conditions
and are compatible with all functional groups present therein.
However, such modification is challenging because of the large
number of reactive functional groups typically present in
polypeptides. Although many existing chemical reactions are

applicable in principle, development of new methods for site-
specific modification of proteins that function under mild
conditions is an area of intense research.18 While a number of
reactions suitable for protein modification have been
developed,19−22 to date, the Cu(I)-catalyzed click reaction has
been the most widely employed bioorthogonal process.20

Although highly useful, that reaction employs Cu(I) which is
toxic to cells and can in some cases erode biological activity. To
address those issues, copper-free variations of the click reaction
have been developed that function based on inclusion of
electron-withdrawing substituents and/or ring strain into
alkyne-containing reagents. While highly promising, these
new reagents are not generally commercially available, are
difficult to synthesize, and manifest low aqueous solubility.23−25

As an alternative, oxime- and hydrazone-based reactions have
found wide application in the conjugation of biomolecules on
account of the absence of aldehyde or ketone groups in
proteins and their orthogonal reactivity with aminooxy or
hydrazine derivatives to give stable hydrazones or oximes.26−33

While reactions between aldehydes and ketones with alkoxy-
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amines or hydrazides are generally slow, they can be
significantly accelerated by addition of aniline.27,34 This has
resulted in a number of exciting applications ranging from the
site-specific glycosylation of proteins29 to the fluorescent
labeling of bacteria and mammalian cells.35 Given the utility
of oxime and hydrazone formation, a number of methods have
been developed to introduce aldehydes and ketones into
proteins. Chemical approaches include transamination in the
presence of sodium glyoxylate and copper sulfate36 or using
pyridoxal-5-phosphate,37 while these have proved to be
powerful methods, they are not applicable to all N-termini
and cannot always be driven to completion. Enzymatic methods
include the action of formylglycine-generating enzyme38 or
nonsense suppression approaches that permit incorporation of
aldehydes into internal positions within proteins.39

Recently, our laboratory and others have exploited the high
specificity of the enzyme protein farnesyltransferase40 (PFTase)
to site-specifically modify peptides and proteins.32,41−43 In
nature, PFTase catalyzes the transfer of a farnesyl isoprenoid
group from farnesyl diphosphate (FPP, Figure 1) to a sulfur
atom present in a cysteine residue. That residue must be
located in a tetrapeptide sequence (denoted as a CAAX-box)
positioned at the C-terminus of a protein or peptide to be a
PFTase substrate. Interestingly, CAAX-box sequences such as
CVIA can be appended to the C-termini of many proteins,
rendering them efficient substrates for PFTase. Since PFTase

can tolerate many simple modifications to the isoprenoid
substrate,3,44−48 it can be used to introduce a diverse range of
functionality into proteins at their C-termini. Chemoselective
reaction with the resulting functionalized protein can then be
used for a wide range of applications. Since the “AAX” residues
from a CAAX-box sequence can be removed by treatment with
carboxypetidase after prenylation, net addition to the protein in
this labeling method can be limited to a single prenylcysteine
residue.49

In an initial communication,32 we reported that compound 1,
an aldehyde-containing analogue of FPP, can be incorporated
into a purified protein substrate using PFTase and that the
resulting aldehyde-functionalized protein can be immobilized or
fluorescently labeled via oxime formation. In this study, we
followed up on those initial observations by comparing the
properties of α,β-unsaturated aldehyde 1 with aryl aldehyde 2
in terms of their efficiency as PFTase substrates and reactants in
both oxime and hydrazone formation. Using green fluorescent
protein (GFP50) as a model system, we demonstrate that the
purified protein can be enzymatically modified with 1 or 2.
Oxime or hydrazone formation was then employed to
immobilize, fluorescently label, or PEGylate the resulting
aldehyde-functionalized proteins. Immobilization via hydrazone
formation was also shown to be reversible via transoximization
with a fluorescent alkoxyamine. After characterizing this
labeling strategy using pure protein, the specificity of the

Figure 1. (A) Structures of farnesyl diphosphate, farnesyl aldehyde diphosphate (1), and formylbenzoyl-oxy geranyl diphosphate (2). (B) Schematic
representation of prenylation of a protein containing a CAAX-box positioned at its C-terminus (GFP−CVIA, 7) with aldehyde-containing analogue
2 to yield the prenylated product 9a. (C) ESI MS analysis of 7 with the deconvoluted mass spectrum shown in the inset. (D) ESI MS analysis of 9a
with the deconvoluted mass spectrum shown in the inset.
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enzymatic process was used to selectively label GFP present in
crude E. coli extract followed by capture of the aldehyde-
modified protein using hydrazide−agarose. Subsequent in-
cubation of the immobilized protein using a fluorescently
labeled or PEGylated alkoxyamine resulted in the release of
pure GFP containing the desired site-specific covalent
modifications. This procedure was also employed to produce
PEGylated glucose-dependent insulinotropic polypeptide51

(GIP), a protein with potential therapeutic activity for
diabetes.52

■ EXPERIMENTAL SECTION
Enzymatic Studies of FPP Analogues 1 and 2 Using a

Continuous Fluorescence Assay. Enzymatic reaction mixtures
contained Tris·HCl (50 mM, pH 7.5), MgCl2 (10 mM), KCl (20
mM), ZnCl2 (10 μM), 2.4 μM N-dansyl-GCVIA (3), 0.04% (w/v) n-
dodecyl-ß-D-maltoside, 80 nM PFTase, and varying concentrations of
either 1 or 2 (0−50 μM) in a final volume of 250 μL. Reaction
mixtures were equilibrated at 30 °C for 5 min, initiated by addition of
PFTase, and monitored for an increase in fluorescence (λex = 340 nm,
λem = 505 nm) for approximately 10 min. The initial rates of formation
of products were obtained as slopes in IU/min using least-squares

analysis. Corrections were applied to all of the rate calculations based
on the difference between the fluorescence intensity of the prenylated
product and the starting peptide. Assuming 100% conversion, the
difference corresponds only to the fluorescence of the total amount of
product. The slope was then divided by the fluorescence difference
followed by multiplying by the total concentration of peptide (2.4
μM), which then gives the rate of formation of product in μM/s. It
should be noted that the KM values reported here are actually apparent
KM values, since the measurements were performed at only a single
peptide concentration. The data were fit to a Michaelis−Menten
model using a nonlinear regression program to determine kcat and KM.

Enzymatic Synthesis of 4a and 5a. Enzymatic reactions (26
mL) contained Tris·HCl (50 mM, pH 7.5), MgCl2 (10 mM), KCl (20
mM), ZnCl2 (10 μM), DTT (5.0 mM), 3 (2.4 μM), PFTase (80 nM),
and either 1 or 2 (30−50 μM). To ensure complete disulfide
reduction of the peptide, all reagents except substrates and enzyme
were premixed and incubated for 2 h at 4 °C. With all reagents mixed,
the reaction was initiated by addition of enzyme and the resulting
mixture was incubated at 30 °C for 1 h. Reaction progress was
monitored by UV absorbance (λ = 340 nm, absorbance of the dansyl
chromophore) using analytical RP-HPLC. The following conditions
were employed: flow rate, 1 mL·min−1; 500 μL injection loop; gradient
0−100% B in 30 min; solvent A, NH4HCO3 (25 mM in H2O); solvent
B, CH3CN. After 1 h, the reaction was purified using a Waters Sep-Pak

Figure 2. (A) Schematic representation of oxime and hydrazone ligations of 8a to yield 8b and 8c. (B) Fluorescence (right) and Coomassie blue
staining (left) images of a gel loaded with 8a labeled with alexafluor 6c and Texas red 6b via oxime and hydrazone ligations, respectively, showing
covalent attachment of fluorophores to the protein: lane 1, GFP−CVIA 7; lane 2, 8c; lane 3, 8b. ESI MS spectra of 8a (C) and hydrazone/oxime
ligation products 8b and 8c, showing full conversion for oxime (D) and ∼20% for hydrazone (E) ligations with the deconvoluted mass spectra
shown in the insets.
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Plus reversed-phase C18 Environmental Cartridge. The cartridge was
first washed with solvent B (10 mL) and then equilibrated with solvent
A (20 mL). The crude enzymatic reaction mixture was applied to the
cartridge, and a gradient elution was performed in the following
sequence: 10 mL of solvent A, 10 mL of solvent C (20% solvent B,
80% solvent A), 10 mL of solvent D (40% solvent B, 60% solvent A),
and 10 mL of solvent E (60% solvent B, 40% solvent A). Fractions (1
mL per tube) were collected, and product elution was monitored using
a hand-held UV lamp. The green-fluorescent product was clearly
visible, the brightest fraction was selected, and its purity was confirmed
by RP-HPLC. LC-MS analysis of the purified products gave ions of
913.5 and 979.4 as the predominant species, which are consistent with
[M + H]+ for 4a and 5a, respectively.
Oxime Ligation between Peptide−Aldehyde 4a and 5a and

Aminooxy Alexafluor-488 (6c). Coupling reactions contained 3−5
μM 4a or 5a, 200 μM alexafluor-488 (6c), PB (0.1 M, pH 7.0), and
aniline (100 mM) in a final volume of 500 μL. Reactions were
performed at room temperature and initiated by addition of aniline
(100 mM). LC-MS analysis of the reaction mixture after 3−4 h gave
ions of 1384.6 and 1450.6 as the predominant species, which are
consistent with [M + H]+ for 4c and 5c, respectively.
Hydrazone Ligation between Peptide−Aldehydes 4a and 5a

and Texas Red Hydrazide (6b). Coupling reactions contained 3−5
μM 4a or 5a, 200 μM Texas red (6b), PB (0.1 M, pH 7.0), and aniline
(100 mM) in a final volume of 500 μL. Reactions were performed at
room temperature and initiated by addition of aniline (100 mM). LC-
MS analysis of the reaction mixture after 1 h gave ions of 758.46 and
791.45 as the predominant species, consistent with [M + 2H]2+ for
hydrazones 4b and 5b, respectively.
Enzymatic Incorporation of Compounds 1 and 2 into GFP−

CVIA (7).53 Enzymatic reaction mixtures (10 mL) contained Tris·HCl
(50 mM, pH 7.5), MgCl2 (10 mM), KCl (30 mM), ZnCl2 (10 μM),
DTT (5.0 mM), 7 (2.4 μM), either 1 or 2 (30−50 μM), and PFTase
(80−200 nM). After incubation at 30 °C for 2 h for 1 and overnight
for 2, the respective reaction mixtures were concentrated using an
Amicon Centriprep centrifugation device (10 000 MW cutoff). Next,
the excess of 1 or 2 was removed through a NAP-5 (Amersham)
column using Tris·HCl (50 mM, pH 7.5) as the eluant. The
subsequent protein concentration was calculated by UV absorbance at
488 nm (ε = 55 000 M−1·cm−1).
Coupling Reaction between Aldehyde-Labeled GFP−CVIA

(8a and 9a) with Alexafluor-488 (6c). Alexafluor-488 (6c) (3.2 μL
of 3.2 mM solution in DMSO) was added to 42 μL of 8a or 9a (stock
solution of 60 μM in PB). PB (2 M, pH 7.0, 2.5 μL) was added, and
the reaction was initiated by adding aniline (100 mM) and allowed to
proceed for 3−5 h at room temperature. The mixture was then
purified by a NAP-5 column to remove excess dye. LC-MS analysis of
the sample showed only oxime-ligated protein, and no free aldehyde
was detected, indicating a complete reaction in both cases.
Immobilization of 9a onto Hydrazide Agarose Beads.

Hydrazide agarose beads (Thermo Scientific, hydrazide loading 16
μmol/mL) (300 μL) were washed with PB (0.1 M, pH 7.0, 3 × 500
μL). PB (30 μL, 1 M, pH 7.0) was added to the beads followed by
addition of 9a (200 μL, 87 μM). Immobilization was initiated by
adding aniline (2 μL, 100 mM). For controls, GFP−CVIA (7) was
added instead of 9a. The solution was centrifuged; then the GFP UV-
absorbance of the supernatant was measured as a function of time
(488 nm, ε = 55 000 M−1·cm−1). After 2 h, the solution was
centrifuged and the beads were washed thoroughly with PB (0.3 M,
pH 7.3, 3 × 300 μL) and KCl (1 M, 3 × 300 μL) to remove
nonspecifically bound proteins and stored in pH 7.5 Tris buffer at 4
°C.
Release of Immobilized GFP from Beads Using Hydroxyl-

amine. The GFP beads were incubated in PB (0.3 M, pH 7.0) with
hydroxylamine (200 mM) and aniline (100 mM), and the resulting
mixture was vortexed. The solution was centrifuged, and then the UV
absorbance of the GFP in the supernatant was measured as a function
of time (488 nm, ε = 55 000 M−1·cm−1).
Coupling Reaction between Aldehyde-Labeled GFP−CVIA

(8a and 9a) with Alexafluor-488 (6c). Alexafluor-488 (6c) (3.2 μL

of 3.2 mM solution in DMSO) was added to 42 μL of 8a or 9a (stock
solution of 60 μM in PB). PB (2 M, pH 6.7, 2.5 μL) was added, and
the reaction was initiated by adding 100 mM aniline and allowed to
proceed for 5−6 h at room temperature. The mixture was then
purified using a NAP-5 column to remove excess dye. LS-MS analysis
of the sample showed only oxime-ligated protein, and no free aldehyde
was detected, indicating a complete reaction in both cases.

Coupling Reaction between Aldehyde-Labeled GFP−CVIA
(8a and 9a) with Texas Red Hydrazide (6b). Texas red hydrazide
(6b) (7 μL of 1.9 mM solution in DMSO) was added to 100 μL of 8a
and 9a (stock solution of 40 μM in PB). Reaction was initiated by
adding 100 mM aniline and allowed to proceed for 1 h at room
temperature. The mixture was then purified using a NAP-5 column to
remove excess 6b. LC-MS analysis of the sample showed the presence
of both hydrazone-ligated proteins 8b and 9b and free aldehydes 8a
and 9a. The ratios of free aldehydes to their respective hydrazone
products were ∼4, indicating only ∼20% completion within this range
of reactant concentrations. The mass spectrum in Figure 2E, which
corresponds to conversion of compound 8a to 8b, was made by
superimposing the two separate mass spectra of both the free aldehyde
protein 8a and the hydrazone-ligated protein 8b present in the product
mixture, based on their relative intensities. The aldehyde- and
hydrazone-functionalized proteins have different retention times and
thus show two different peaks in the corresponding LC chromato-
grams.

FRET Studies Between GFP−Aldehyde 9a and Texas Red
Hydrazide (6b). Texas Red hydrazide (6b) (7 μL of 1.9 mM solution
in DMSO) was added to 90 μL of 9a (stock solution of 60 μM in PB,
0.1 M, pH 6.7). Reaction was initiated by adding 0.9 μL of aniline (100
mM) followed by vortexing the solution and allowing it to proceed for
1 h at room temperature. The mixture was then purified using a NAP-
5 column to remove excess 6b. The protein solution was diluted to 1
nM, and its fluorescence was measured. For the first control, the same
amount of GFP−CVIA (7) fluorescence was measured and compared
with that of 9b. As a second control, the ligated protein (9b) was
heated for a few minutes to denature the protein and the resulting
fluorescence was measured to verify that FRET required both the
protein and the Texas red fluorophores.

FRET Studies between GFP−Aldehyde 9a and Aminooxy−
TAMRA (6d). Aminooxy−TAMRA (6d) (100 μM) was added to 90
μL of 9a (stock solution of 50 μM in Tris·HCl (100 mM, pH 7.0).
Reaction was initiated by adding 0.9 μL of aniline (100 mM) followed
by vortexing the solution and allowing it to proceed for 3 h at room
temperature. The mixture was then purified using a NAP-10 column to
remove excess 6d. The collected solution appeared red and not green,
suggesting that efficient FRET was occurring between the GFP and
the TAMRA fluorophores. The fluorescence of the solution was
measured and compared with two other controls. For the first control,
the same amount of GFP−CVIA (7) fluorescence was measured and
compared with that of 9e. As a second control, the same amount of
TAMRA fluorescence was measured. The two controls confirmed that
FRET was occurring between the protein and the TAMRA
fluorophores.

Crude Prenylation, Immobilization, and Subsequent Label-
ing and Release of GFP−CVIA. A pellet of cells expressing GFP−
CVIA was suspended in buffer (20 mM Tris·HCl pH 7.5, 1 mM
EDTA), sonicated, and clarified by centrifugation. The GFP
concentration present in the crude soluble protein mixture was
calculated by UV absorbance at 488 nm. Next, prenylation was
performed by adding PFTase (200 nM), 2 (50 μM), Tris·HCl (50
mM, pH 7.5), MgCl2 (10 mM), KCl (30 mM), ZnCl2 (10 μM), and
DTT (5.0 mM) to a solution of 7 to achieve a final concentration of
2.0 μM in the crude mixture. After overnight incubation at 30 °C, the
reaction mixture was filtered and concentrated using an Amicon
Centriprep centrifugation device (10 000 MW cutoff). Next, excess 2
was removed through a NAP-5 (Amersham) column using Tris·HCl
(50 mM, pH 7.5) as the eluting solvent. The subsequent GFP
concentration in the crude mixture was calculated by UV absorbance
at 488 nm and determined to be 30 μM. Immobilization was
performed as described above. The beads were washed thoroughly
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with PB (0.3 M, pH 7.3) and KCl (3 × 300 μL, 1 M) to remove
nonspecifically bound proteins followed by incubation with aminooxy
fluorophore 6c (1 mM) and aniline (100 mM) overnight with
constant agitation. The supernatant was then analyzed via SDS-PAGE
and in-gel fluorescence analysis to confirm the labeling and release of
the protein from the beads.
Coupling Reaction between Aldehyde-Labeled GFP−CVIA

(9a) with Aminooxy PEG (10). Aminooxy PEG (10) (1.5 mg, MW
10 kDa) was added to 100 μL of 9a (stock solution of 10 μM in 50
mM Tris·HCl). PB (pH 7) was added to a final concentration of 0.1
M. Reaction was initiated by adding 100 mM aniline and allowed to
proceed for 1 h at room temperature. SDS-PAGE analysis of the
sample was used to confirm covalent attachment of the PEG 10 to
aldehyde 9a. Excess 10 and PB were removed using a zip-tip protocol
followed by MALDI MS analysis of the sample to characterize the
product and demonstrate that no free aldehyde was present, indicating
complete reaction.
PEGylation from Immobilized GFP Beads. Immobilization was

performed as described above. Beads were washed thoroughly with PB
(0.3 M, pH 7.3, 3 × 300 μL) and KCl (1 M, 3 × 300 μL) to remove
nonspecifically bound proteins. Next, the beads were incubated with
aminooxy PEG 10 (2 mM) and aniline (100 mM) overnight while
vortexing the solution. SDS-PAGE analysis of the supernatant
indicated the successful PEGylation and release of the aldehyde−
GFP from the hydrazide beads.
Enzymatic Prenylation of GIP-CVIM (12a) with Aldehyde

Substrate 2. Enzymatic reaction mixtures (10 mL) contained
Tris·HCl (50 mM, pH 7.5), MgCl2 (10 mM), KCl (30 mM), ZnCl2
(10 μM), DTT (5.0 mM), 12a (2 μM), 2 (50 μM), and PFTase (200
nM). After incubation at 30 °C overnight, significant precipitate was
present in solution, suggesting possible precipitation of GIP was
occurring upon prenylation. The precipitate was separated from the
solution by centrifugation at 12 000g for 15 min, washed with 25 mM
(NH4)2CO3 buffer to remove excess 2, and centrifuged again. MALDI-
MS analysis of the precipitate (dissolved in H2O, 0.5% TFA, v/v)
confirmed the prenylation of GIP with 2, while the solution showed
neither starting GIP 12a nor the prenylated material 12b.
Coupling Reaction between Aldehyde-Labeled GIP (12b)

with Aminooxy PEG (13). A small amount of the precipitate 12b
was dissolved in H2O containing 0.5% TFA (v/v), and aminooxy PEG
(13) was added to a final concentration of 200 μM. Reaction was
allowed to proceed for 2 h at room temperature. Excess 13 was
removed using a zip-tip protocol. MALDI-MS analysis of the sample
was employed to characterize the product and demonstrate that no
free aldehyde was present, indicating complete reaction.
Prenylation of GIP (12a) in Crude E. coli Extract. E. coli extract

containing GIP-CVIM (12a) was subjected to enzymatic prenylation
by incubating it in the presence of PFTase (200 nM), 2 (50 μM),
Tris·HCl (50 mM, pH 7.5), MgCl2 (10 mM), KCl (30 mM), ZnCl2
(10 μM), and DTT (5.0 mM). After overnight incubation, the
precipitate was separated from the solution by centrifugation at 12
000g for 15 min, washed with 25 mM (NH4)2CO3 buffer to remove
excess 2, and then centrifuged again. MALDI-MS analysis of the
precipitate, performed as described above, was used to confirm the
prenylation of GIP with 2.
Immobilization and Subsequent PEGylation and Release of

Resin-Bound GIP. Immobilization was performed as described above
for GFP except that GIP was dissolved in H2O containing 0.5% TFA
(v/v). No aniline catalyst was added to the solution in this case. After
incubation for 1 h, the beads were washed thoroughly with H2O (3 ×
300 μL) to remove nonspecifically bound proteins from the beads.
Next, the beads were incubated with aminooxy PEG 13 (∼400 μM) in
H2O containing 0.5% TFA overnight with constant agitation of the
solution. Excess 13 was removed using a zip-tip protocol. MALDI MS
analysis of the sample was employed to confirm the presence of the
desired product and to assess the purity of the PEGylated GIP (14).
General Procedure for MALDI Analysis of Protein Samples.

A zip-tip (C4 column) was first washed with 10 μL of solvent A
(CH3CN containing 0.1% TFA; v/v) and then equilibrated with
solvent B (H2O containing 0.1% TFA; v/v). Sample (10 μL) was then

adsorbed onto the C4 matrix via repeated cycles of aspiration and
ejection (5−10 cycles) using a pipettor. Next, the zip-tip was washed 5
× 10 μL with solvent B and the proteins eluted with 2 μL of a mixture
of solvent A and B (75:25). Next, 0.7 μL of the eluted material was
added to a MALDI plate, and 0.7 μL of matrix was added on top of the
sample plate to form crystals. A saturated solution of sinapinic acid
(3,5-dimethoxy-4-hydroxy-cinnamic acid) was used as the matrix.

■ RESULTS AND DISCUSSION

Comparison of Alkyl and Aryl Aldehydes As Sub-
strates for PFTase. To examine the ability of PFTase to be
used in a protein modification strategy employing oxime and
hydrazone formation, we first wanted to explore the range of
aldehydes that could be accepted as alternative substrates for
PFTase. Thus, compound 2, containing an aryl aldehyde, was
designed and synthesized in five steps from geraniol (Scheme
S2, Supporting Information). In brief, THP-protected geraniol
was initially oxidized at C-8 to a terminal alcohol,54 followed by
acylation with formylbenzoic acid using EDC as the coupling
reagent. The THP group was removed, and the alcohol was
converted to the corresponding allylic bromide using CBr4 and
PPh3. Subsequent displacement with [(n-Bu)4N]3HP2O7
followed by purification via ion-exchange chromatography
and RP-HPLC yielded product in which the desired aldehyde
was almost completely transformed to the corresponding
carboxylic acid; therefore, a direct phosphorylation strategy
using (HNEt3)2HPO4 and CCl3CN as the activating reagent
was employed. Subsequent purification by RP-HPLC produced
the desired aldehyde analogue 2 in 5.4% overall yield, whose
structure was confirmed by 1H NMR, 31P NMR,55 and HR-ESI-
MS. Aldehyde 1 was prepared in six steps starting from farnesol
as previously described32 with several modifications that
significantly improved the overall yield to 1.3%. Despite these
improvements, synthesis of 2 was significantly more efficient
primarily due to the selectivity in the SeO2 oxidation step.
Preparation of 1 proceeds via THP-protected farnesol, whereas
synthesis of 2 uses THP−geraniol. Selective oxidation of the
alkene at C-6 (over the electron-poor C-2 alkene) in geraniol is
facile compared to preferential oxidation of the alkene at C-10
in farnesol due to competing reaction with the C-6 olefin,
which exhibits comparable reactivity. Hence, the reaction
cannot be driven to completion, resulting a significantly
reduced yield (compare 56% for geraniol oxidation to 23%
for farnesol oxidation).
Initially, prenylation reactions containing N-dansyl-GCVIA

(3), 2, and PFTase were monitored by HPLC and LC-MS/MS.
As observed previously with 1, a new species with longer
retention time appeared in the reaction mixture containing 2.
LC-MS analysis of that compound gave an [M + H]+ peak at
979.4 Da, consistent with the proposed structure of peptide 5a
(Supporting Information). Next, kinetic analysis of the
incorporation of analogue 2 by PFTase was performed using
a continuous fluorescence-based enzyme assay as previously
carried out with 1. Varying concentrations of 2 were incubated
with the fluorescent peptide substrate, N-dansyl-GCVIA, and
PFTase; the rates of those enzymatic reactions were
determined and shown to obey saturation kinetics. Steady-
state kinetic parameters for prenylation reactions with the two
aldehyde analogues are summarized in Table 1 with additional
details provided in the Supporting Information section (Figure
S2). Comparison of the catalytic efficiencies for these
alternative substrates indicates that both compounds have
reduced efficiency relative to FPP, manifesting kcat/KM values of
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0.23 and 0.05, respectively (relative to FPP). We found that
decreases in kcat constituted the major reason for the
diminished catalytic efficiency of the analogues; kcat for
aldehyde 1 was 4-fold lower, while kcat for aldehyde 2 was
35-fold lower (compared to kcat for FPP). No significant
differences were observed in the KM values for the different
analogues. Thus, in summary, while 1 is the superior alternative
substrate, 2 is easier to prepare making these two compounds
functionally interchangeable.
Preparation and Reactivity of PFTase-Mediated

Aldehyde-Functionalized Peptides. In our earlier work
with 1, experiments with the aldehyde-functionalized peptide
4a focused on oxime-forming reactions. Here, we sought to
expand the scope of possible chemistry to include hydrazone
formation as well. Accordingly, large-scale (26 mL) reactions
containing N-dansyl-GCVIA (3), 1 or 2, and PFTase were
performed and the products isolated after purification via solid-
phase extraction. The resulting material was subsequently used
to evaluate ligation reactions between Texas red hydrazide 6b/
alexafluor-488 aminooxy 6c and aldehyde-containing peptides
4a and 5a in the presence of aniline.27 Kinetic analysis of oxime
formation showed that in the range of 2−4 μM 4a and 5a
ligations at pH 7 were essentially complete within 3−4 h. LC-
MS analysis of the reaction mixture resulted in [M + H]+ peaks
being observed at 1384.6 and 1450.6 Da, consistent with
production of oximes 4c and 5c, respectively (Supporting
Information). In contrast, hydrazone formation with 4a and 5a
in the same concentration range of reagents showed only 30−
50% completion but within 30−60 min (a significantly shorter
time frame). LC-MS analysis of the reaction mixtures resulted
in [M + 2H]2+ peaks observed at 758.46 and 791.45 Da,
consistent with formation of hydrazones 4b and 5b,
respectively (Supporting Information). Overall, these experi-
ments with aldehyde-containing peptides 4a and 5a suggest
that hydrazone ligations have the advantage over oxime-
forming reactions of reaching equilibrium at a higher rate but at
the cost of lower conversion to the conjugated products due to
their lower association constants.
Preparation and Reactivity of PFTase-Mediated

Aldehyde-Functionalized Proteins. With the ability of
aldehyde analogues 1 and 2 to be incorporated by PFTase
and their subsequent derivatization via oxime and hydrazone
ligations established in a peptide model system, we next
evaluated the utility of the aldehyde analogues for selective
protein modification. Accordingly, aldehydes 1 and 2 were
incubated with GFP−CVIA (7) in the presence of PFTase for 2
h and overnight at 30 °C, respectively. Those reaction times
were based on our earlier observations that peptide substrate 3
could be prenylated with aldehyde analogues 1 and 2 in less

than 1 and 4 h, respectively. Concentration by ultra-
centrifugation followed by size-exclusion chromatography to
remove unreacted substrates yielded aldehyde-functionalized
GFP−CVIA 8a and 9a. Reaction completion was confirmed by
LC-MS analysis (Figure 1C and 1D) in which none (in the case
of 8a) or very small amounts (in the case of 9a) of free GFP−
CVIA (7) could be detected in comparison to the large peaks
for prenylated GFPs. Deconvolution of the LC-MS data from
the purified protein products showed species at 27 559.0 and
27 625.5 Da, consistent with the structures of aldehyde−GFPs
8a and 9a. In general, LC-MS analysis of GFP and its congeners
has proved to be quite powerful for studying these reactions. As
noted above, in a preliminary communication32 we had shown
that aldehyde−GFPs 8a could be derivatized to produce oxime-
linked products. Here, it was desired to expand those
experiments to include hydrazone formation and compare the
relative reactivity between the two different aldehyde donors,
8a and 9a, containing α,β-unsaturated and aryl−aldehydes,
respectively. To fluorescently label those aldehyde-functional-
ized proteins, we chose Texas red hydrazide (6b) and
Alexaflour-488 aminooxy (6c) for their excellent quantum
yields and high visible light absorption. Thus, aldehyde−GFPs
8a and 9a were incubated separately with alkoxyamine 6c at pH
7 and room temperature. Kinetic analysis, performed via LC-
MS measurements, showed that the reaction required 3−4 h to
proceed to completion. At that point, no detectable unmodified
protein−aldehydes (8a and 9a) were observed. Gratifyingly, the
deconvoluted MS data indicated the presence of species at 28
032.0 and 28 120.5 Da, consistent with the proposed oximes 8c
and 9c. In-gel fluorescence analysis performed under
denaturing conditions confirmed covalent attachment of
aminooxy 6c to the aldehyde-containing proteins (Figure
2B). Unprenylated GFP−CVIA (7) failed to show any labeling
with alkoxyamine 6c, further confirming that the ligations
require the presence of the enzymatically introduced aldehyde
functionality and that the ligation reaction is truly bioorthog-
onal. Overall, the oxime ligation reactions appear to be highly
efficient since no unligated aldehyde−GFPs (8a or 9a) were
observed upon LC-MS analysis (Figure 2C and 2D) of the
ligation reaction mixtures.
Aldehyde-functionalized GFPs 8a and 9a were also each

incubated with hydrazide 6b at pH 7 and room temperature
under the same conditions employed in the aforementioned
oxime ligations. LC-MS analysis of aldehyde-functionalized
GFP-containing reactions after 1 h showed approximately 20%
conversion of aldehydes 8a and 9a to their respective
hydrazones 8b and 9b (Figure 2C and 2E); more extensive
reaction times did not result in the appearance of additional
hydrazone product, suggesting that the reaction had reached
equilibrium within 1 h. These results are in good agreement
with those from hydrazone ligations for aldehyde-functionalized
peptides 4a and 5a described above.

Application to FRET Analysis of Labeled GFP. To
demonstrate the utility of this method for applications beyond
simple protein labeling, we next investigated the ability of Texas
red-labeled GFP (9b) to undergo fluorescence resonance
energy transfer (FRET). After performing the ligation reaction
between aldehyde 9a and Texas red hydrazide 6b at room
temperature for 1 h, excess fluorophore was removed via size-
exclusion chromatography. A strong fluorescent signal at 640
nm (emission wavelength of Texas red) was observed upon
excitation at 488 nm (excitation wavelength of GFP), indicative
of FRET between Texas red and GFP due to their close

Table 1. Steady-State Kinetic Parameters of Substrates, and
HPLC Retention Times for Prenylated Peptide Products

compounda kcat (s
−1) KM (μM)

(kcat/
KM)rel

a
Rt

(min)

FPP 0.52 1.71 1
1 0.133 ± 0.003 1.87 ± 0.17 0.23
2 0.015 ± 0.001 1.02 ± 0.16 0.05
N-dansyl-GC(Far)
VIA

21.5

4a 18.9
5a 18.6
aVrel refers to kcat/KM with respect to FPP
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proximity, resulting from covalent attachment of the
fluorophore to the protein (Figure 3). When the hydrazone-
ligated protein was denatured, no FRET was observed upon
excitation at 488 nm (Figure 3, red spectrum) and only a small
background peak was observed upon excitation of GFP that had
not been modified with Texas red (Figure 3, green spectrum),
further confirming that FRET was occurring between the

aldehyde-functionalized protein and the fluorophore. While the
above results appeared promising, the FRET efficiency could
not be calculated from the experimental data due to incomplete
hydrazone ligation reaction. Hence, aminooxy−TAMRA 6d
was ligated with aldehyde−protein 9a. As expected, LC-MS
analysis of the oxime formation reaction mixture showed a peak
at 28 111 Da consistent with the structure of TAMRA-labeled

Figure 3. (A) Schematic representation of the fluorescent labeling of 9a via hydrazone ligation. Conjugated protein was expected to show FRET
between Texas red and GFP−CVIA. (B) Excitation spectra obtained by monitoring at 640 nm: (■) 9b, (▲) denatured 9b, and (●) 7. All three
samples had equal concentrations of the chromophores.

Figure 4. (A) Schematic representation of the fluorescence labeling of 9a via oxime ligation. Conjugated protein was expected to show FRET
between TAMRA and GFP. (B) Emission spectra obtained by excitation at 488 nm: (●) 9e, (▲) GFP−CVIA (7), and (■) 6d. All three samples
had equal concentrations of the chromophores. (C) Molecular model of GFP−TAMRA 9e conjugate.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja211308s | J. Am. Chem. Soc. 2012, 134, 8455−84678461



GFP 9d and showed no 9a, in good agreement with the high
efficiency observed in previous oxime ligation reactions.
Emission spectra of 9e, monitored at 488 nm excitation,
showed FRET, while the same amount of GFP−CVIA (7) and
fluorophore 6d showed a substantially larger emission band at
510 nm and a smaller band at 580 nm, respectively. Energy was
transferred from donor (GFP) to acceptor (TAMRA) with an
efficiency greater than >96%, and the distance was calculated to
be 37 Å (Figure 6B), consistent with a distance of 35 Å
calculated for the model GFP−TAMRA (Figure 6C) and
measured from the GFP chromophore to the TAMRA
fluorophore (see the Supporting Information for a description
of the modeling).
Reversible Immobilization of Purified Aldehyde-

Functionalized GFP Using Hydrazide-Modified Agarose
Beads. Next, we examined two additional applications for the
aldehyde-functionalized proteins described here. First, their
utility in protein immobilization was examined (Figure 5).

Hydrazide-functionalized agarose beads were incubated with
aldehyde−GFP 9a at room temperature in the presence of 100
mM aniline. The immobilization reaction was followed by
monitoring the UV absorbance at 488 nm of the supernatant as
a function of time. Results from those measurements showed
that equilibrium was reached in approximately 45 min; in that
time, the beads became highly fluorescent (Figure 6A); less
fluorescent beads were observed in the absence of aniline
catalyst, and no fluorescent beads were seen using GFP lacking
the aldehyde moiety (Figure 6C). On the basis of the amount
of aldehyde−GFP 9a remaining in the supernatant, the
efficiency of covalent immobilization was calculated to be
greater than 95% (Figure 5B), an impressive result for site-
specific protein immobilization. Next, oxime ligation using
hydroxylamine in the presence of aniline was employed to
remove the covalently immobilized hydrazone−GFP 9d.
Hydroxylamine (200 mM) was incubated with 9d in the
presence of aniline (100 mM) at room temperature, and the
UV absorbance at 488 nm of the supernatant was measured as a
function of time. In this case, analysis of the results showed that

in approximately 3 h 80% of the immobilized GFP was released
from the beads, and accordingly, the beads became significantly
less fluorescent (Figures 6B and 7). For comparison, the

hydrolytic stability of immobilized GFP in the absence of
hydroxylamine and aniline was also analyzed, and the results
showed that the hydrazone bond in pH 7.5 Tris buffer was
completely stable for 48 h with no detectable release of GFP.56

This achievement highlights a significant advantage of this
chemistry over click chemistry and other irreversible methods
since it can be used to efficiently covalently immobilize proteins

Figure 5. (A) Schematic representation of immobilization of 9a onto
hydrazide-functionalized agarose beads to yield 9d. (B) Kinetic
analysis of immobilization of 9a onto hydrazide-functionalized agarose
beads. Reaction was carried out at room temperature in the presence
of 100 mM aniline and excess beads. UV absorbance of GFP in the
supernatant was measured at different times showing >95%
immobilization in ∼45 min. Data was fit to a simple exponential
process.

Figure 6. Immobilization onto and subsequent release of 9a from
hydrazide-functionalized agarose beads: (A) immobilization reaction
mixture in the presence of aniline, (B) release of 9d from agarose
beads via oxime ligation with hydroxylamine in the presence of aniline
for ∼3 h, and (C) control immobilization reaction containing
unmodified GFP−CVIA 7. Immobilization reaction was carried out
in the presence of protein (54 μM), aniline (100 mM), and PB (100
mM, pH 7). Release of hydrazone−GFP 9d from agarose beads was
carried out in the presence of hydroxylamine (200 mM), aniline (100
mM), and PB (200 mM, pH 7). Bright-field images are on the top, and
fluorescent microscope images are on the bottom. Scale bars in the
lower right-hand corners represent 200 μm.

Figure 7. (A) Schematic representation of the release of immobilized
GFP 9d to yield 9e from agarose beads via oxime ligation with
hydroxylamine. (B) Kinetic analysis of the release of 9e from agarose
beads by oxime ligation. Reaction was carried out at room temperature
in the presence of 100 mM aniline and 200 mM of hydroxylamine. UV
absorbance of GFP in the supernatant was measured over time, which
showed approximately 80% release of 9e in 3 h. Analysis of the
hydrolytic stability of 9d in the absence of hydroxylamine and aniline
showed no detectable release of GFP on the same time scale. Data was
fit to a simple exponential decay process.
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onto solid surfaces and then release them under mild
conditions without protein denaturation. Addition of aniline
catalyzes the hydrolysis of hydrazone to hydrazide and
aldehyde. Since oxime formation has a larger equilibrium
constant than hydrazone formation,57 the presence of
hydroxylamine and aniline drives the equilibrium from
hydrazone toward oxime formation and free hydrazide.
Enzymatic Modification, Immobilization, and Label-

ing in Crude Extract. An important feature of the labeling
method described here is that it uses an enzymatic process for
introduction of aldehyde groups into proteins. Due to the
specificity of that biocatalytic process and the fact that there are
no endogenous proteins in E. coli that contain a C-terminal
CAAX box sequence, we reasoned that it should be possible to
selectively functionalize proteins present in crude extract
without purification. Additionally, once modified, it should
also be possible to immobilize aldehyde-containing proteins
and release them with an alkoxyamine that includes a
fluorophore or PEG chain. In that way, a single protein present
in E. coli crude extract could be modified, immobilized, and
labeled without purification. To explore this, E. coli cells
expressing GFP−CVIA were grown, lysed, and subjected to
enzymatic prenylation using PFTase and substrate 2. LC-ESI/
MS analysis of the reaction mixture was employed to confirm
introduction of the aldehyde functionality into GFP−CVIA 7 in
the crude cell lysate. The reaction mixture was then
concentrated, and excess 2 was removed via size-exclusion
column chromatography (NAP-5 column). Aldehyde−GFP 9a
was then selectively immobilized from the crude cell lysate onto
hydrazide-functionalized beads using aniline as the catalyst.
Immobilization was followed by measuring the GFP absorbance
present in solution and judged to be complete within 45 min, at
which time the beads became highly fluorescent and the
supernatant solution became almost colorless. Next, the beads
were washed to remove any nonspecifically bound proteins and
then treated with aminooxy fluorophore 6c in the presence of
100 mM aniline overnight. SDS-PAGE analysis of the
supernatant solution showed a single band (Figure 8, lane 2)
migrating with an apparent mass of 29 kDa slightly higher than

that of the starting GFP (due to addition of the aminooxy
moiety) consistent with release of GFP. In-gel fluorescence
analysis (Figure 8, lane 3) suggested that the released protein
was labeled with the fluorophore 6c; LC-MS analysis of the
released protein provided additional evidence for formation of
9c.

Application to Protein PEGylation. Attachment of
polyethylene glycol (PEG) chains to proteins is the most
widely used method for improving the pharmacokinetics of
polypeptide-based therapeutic agents.58−60 Current methods
for PEGylation are generally nonselective and can result in a
mixture of protein−PEG positional isomers with variable
biological activity.61 Site-specific methods offer a useful
alternative approach for circumventing this problem of
heterogeneity. Given our success in being able to incorporate
a fluorescent label into a protein via the capture and release
strategy described above, we decided to evaluate the utility of
this approach for preparation of a PEGylated protein. Thus,
aldehyde-functionalized GFP 9a was first prepared from
purified GFP 7 using PFTase as described above and treated
with aminooxy-PEG-10 000 10 to produce the protein−PEG
conjugate 11. Analysis of that material by MALDI-MS (Figure
9) showed an increase in molecular mass from 27.6 (for 9a) to
38 kDa for 11; the broader peak observed for 11 is consistent
with attachment of a polydisperse polymer to a monodisperse
protein. It is also important to note that no species resulting
from addition of multiple PEG chains were observed, consistent
with the selective nature of the chemistry employed here.
Analysis of the PEGylation reaction mixture by SDS PAGE
revealed a decrease in the electrophoretic mobility of 11
(Figure 10, lane 3) compared to the starting protein 9a (Figure
10, lane 2). As noted in the MALDI MS, a wider band was
observed for 11 relative to 9a, again consistent with the
polydisperse nature of the protein−PEG conjugate. With
production of the PEGylated product clearly established, we
next focused on generating the same material from 9a that had
not been purified chromatographically. Thus, 7 was prenylated
with 2 using PFTase in crude E. coli extract followed by capture
using hydrazide-functionalized agarose. After washing the

Figure 8. Chemoenzymatic site-specific tagging of proteins by aldehyde−FPP analogs by PFTase followed by capture of the aldehyde-functionalized
protein in the crude cell lysate via hydrazide functionalized beads. Prenylation in the crude extract was confirmed by LC-MS analysis. Immobilized
protein was then released into the solution or fluorescently labeled by addition of hydroxylamine or an aminooxy−fluorophore using aniline as the
catalyst. SDS-PAGE analysis: lane 1, crude E. coli lysate containing 9a visualized by Coomassie blue staining; lane 2, 9c released from hydrazide beads
after treatment with 6c and visualized by Coomassie blue staining; lane 3, 9c released from hydrazide beads after treatment with 6c and visualized by
gel fluorescence analysis.
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material to remove nonspecifically bound proteins, the desired
PEGylated protein (11) was eluted via treatment with 10 in the
presence of aniline. SDS PAGE analysis showed the presence of
a single band (Figure 10, lane 5) that comigrated with the
authentic product prepared from pure 9a (Figure 10, lane 3).
PEGylation of Glucose-Dependent Insulinotropic

Polypeptide (GIP). The incretin, glucose-dependent insulino-
tropic polypeptide (GIP), is secreted from intestinal K-cells in
response to nutrient ingestion and acts to augment insulin
secretion in the pancreas. GIP has been proposed as a potential
therapeutic agent for treatment of type 2 diabetes based on its
stimulation of insulin secretion in the presence of elevated
glucose levels;62,63 however, efforts to bring GIP forward as a
drug have been hampered due to its short circulating half-life.
Recently, a modified form of GIP functionalized with a C-
terminal mini-PEG group has shown resistance to proteolytic
degradation while preserving biological activity in an obese rat
model system.52 Accordingly, having established the utility of
our method for C-terminal site-specific modification described
above with a model protein, GFP, we decided to demonstrate
its utility for preparing a PEGylated form of GIP, a polypeptide
with clear therapeutic potential. Thus, purified GIP−CVIM
(12a), a form of GIP engineered to contain a C-terminal CAAX
box (in this case CVIM64) was prenylated with analog 2 under
conditions established above for GFP and subsequently
PEGylated using a small aminooxy-functionalized PEG
containing three ethylene glycol units (13). This shorter
PEGylation reagent was employed since it is similar in length to
what has previously been shown to be effective for increasing
GIP stability in serum. MALDI MS analysis (Figure 11)
confirmed successful prenylation and PEGylation of GIP; as
noted above with GFP, both the enzymatic prenylation and the

subsequent chemical PEGylation proceed with essentially
complete conversion. Next, we employed the capture and
release strategy developed above for GFP to prepare PEGylated
GIP without prior purification. GIP−CVIM (12a), present in
crude E. coli extract, was prenylated with 2, and the resulting
aldehyde-functionalized polypeptide 12b was captured on
hydrazide beads. The beads were washed extensively and
then treated with aminooxy−PEG 13, resulting in oxime
formation and release into solution. MALDI MS analysis of the
eluted material showed only the presence of PEGylated−GIP
(14), indicating a high degree of specificity in the capture and
release (Figure 12). Thus, this general method allows facile and
effective purification of site-specifically PEGylated GIP from the
crude cell extract. Overall, these experiments conclusively
demonstrate how a protein, present in crude extract, can be
selectively modified, labeled with a fluorophore or PEG
polymer, and released in pure form via a simple process that
requires no significant chromatographic steps. Given the
specificity of the PFTase-catalyzed reaction coupled with the
ability to introduce a CAAX-box onto almost any protein, this
method shows great potential as a general approach for
selective immobilization and labeling of recombinant proteins
present in crude cellular extract without prior purification.

Figure 9. (A) Generation of site-specifically C-terminal PEGylated
GFP from pure 9a. (B) MALDI analysis of PEGylated GFP 11. Lower
panel is the MALDI spectrum of pure PEG 10, middle panel is the
MALDI spectrum of pure 9a, and top panel is the MALDI spectrum of
the oxime PEGylated GFP 11, which confirms complete conversion.
Reaction was performed using 9a (10 μM) and 10 (100 μM) for 2 h.
Excess of 10 was removed via a zip-tip protocol prior to MALDI
analysis.

Figure 10. Use of PFTase-catalyzed protein modification for site-
specific PEGylation from purified protein or crude cell lysate. (A)
Generation of site-specific C-terminal PEGylated protein from pure
9a. (B) PEGylation and release of immobilized 9d from hydrazide
beads using PEG 10. (C) SDS PAGE analysis of PEGylated GFP (11)
from purified 9a or from immobilized protein 9d. In the case of the
crude cell lysate, 7 was chemoenzymatically and site-specifically tagged
by aldehyde-containing analog 2 via PFTase-catalyzed reaction,
followed by capture of the resulting aldehyde-functionalized protein
from the lysate using hydrazide functionalized beads. Immobilized
protein was then released back into solution and simultaneously site-
specifically PEGylated by addition of aminooxy-PEG 10 using aniline
as a catalyst. SDS-PAGE analysis: lane 1, crude E. coli lysate containing
9a; lane 2, purified 9a; lane 3, 11 produced by PEGylation of pure 9a
with 10; lane 4, 11 prepared from 9d (obtained using purified 9a) and
subsequently released with 10; lane 5, 11 prepared from 9d (obtained
using 9a present in crude lysate) and subsequently released with 10.
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Beyond generating site-specifically modified proteins, this
approach could greatly reduce the cost of producing PEGylated
polypeptides for therapeutic applications due to the streamlined
nature of the process.

■ CONCLUSION
In this work, we demonstrated that PFTase can be used to
introduce aldehyde functionality near the C-terminus of a
protein and that the resulting aldehyde-functionalized proteins
can then be modified in a plethora of ways via aniline-catalyzed
hydrazone or oxime ligation under mild conditions. We show
that if the concentration of the aldehyde-functionalized protein
is relatively high (>50 μM), hydrazone ligation is more efficient
compared with oxime ligation due to its faster kinetics, whereas
if the protein concentration is in the low micromolar range,
oxime ligation is more advantageous due to its larger
equilibrium constant. An important feature of the chemistry
reported here is its reversible nature that can be harnessed to

permit efficient release of proteins; covalent immobilization
using hydrazone ligation of an aldehyde-containing protein can
be followed by subsequent oxime formation to release the
polypeptide without denaturation. Using synthetically modified
alkoxyamines, a variety of new functionality ranging from
fluorescent groups to PEG chains can be appended onto
proteins. A second key feature of this approach concerns the
enzymatic method for aldehyde incorporation. By capitalizing
on the selectivity of the enzymatic process, the initial protein
functionalization can be performed using unpurified protein
substrates. The resulting modified protein can then be captured
via hydrazone formation and released via oxime formation to
produce a variety of pure, site-specifically modified protein
conjugates. Such a streamlined approach for polypeptide
modification could be particularly useful for large-scale
production of protein conjugates for therapeutic or industrial
applications. It should also be noted that the ligation chemistry
described herein and the Cu(I)-catalyzed click reaction are

Figure 11. (A) Schematic representation of prenylation of glucose-dependent insulinotropic polypeptide (GIP) containing a CAAX-box positioned
at its C-terminus (GIP-CVIM, 12a) with aldehyde-containing analogue 2 to yield the prenylated product 12b, which is then site-specifically
PEGylated using a short chain aminooxy-PEG (13). (B) MALDI MS analysis of prenylation and PEGylation of GIP 12a. MALDI MS spectra (from
the top to the bottom) of oxime PEGylated GIP 14, the prenylated aldehyde labeled GIP 12b, and pure 12a, respectively.

Figure 12. Use of PFTase-catalyzed protein modification for site-specific PEGylation of GIP 12a from crude cell lysate. (A) Chemoenzymatic site-
specific tagging of GIP 12a by aldehyde−FPP analog 2 in the crude cell lysate via PFTase followed by capture of the aldehyde-functionalized
polypeptide 12b via hydrazide functionalized beads. Immobilized polypeptide was then released back into solution and simultaneously site-
specifically PEGylated by addition of aminooxy-PEG 13. (B) MALDI analysis of the released material confirmed formation and release of the pure
PEGylated GIP (14) into the solution.
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orthogonal. This opens up the possibility of performing
multiple modifications on proteins using different bioorthog-
onal chemistries. Given that CAAX-box sequences can be
appended to the C-terminus of almost any protein, the method
reported here should be useful for a variety of applications in
protein chemistry.
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