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Abstract

Imine-based reactions are useful for a wide range of bioconjugation applications. Although aniline

is known to catalyze the oxime ligation reaction under physiological conditions, it suffers from

slow reaction kinetics, specifically when a ketone is being used or when hydrazone-oxime

exchange is performed. Here, we report on the discovery of a new catalyst that is up to 15 times

more efficient than aniline. That catalyst, m-phenylenediamine (mPDA), was initially used to

analyze the kinetics of oxime ligation on aldehyde- and ketone-containing small molecules. While

mPDA is only modestly more effective than aniline when used in equal concentrations (~ 2-fold),

its much greater aqueous solubility relative to aniline allows it to be used at higher concentrations,

resulting in significantly more efficient catalysis. In the context of protein labeling, it was first

used to site-specifically label an aldehyde-functionalized protein through oxime ligation, and its

kinetics were compared to reaction with aniline. Next, a protein was labeled with an aldehyde-

containing substrate in crude cell lysate, captured with hydrazide-functionalized beads and then

the kinetics of immobilized protein release via hydrazone-oxime exchange were analyzed. Our

results show that mPDA can release and label 15 times more protein than aniline can in 3 h. Then,

using the new catalyst, ciliary neurotrophic factor, a protein with therapeutic potential, was

successfully labeled with a fluorophore in only 5 min. Finally, a protein containing the unnatural

amino acid, p-acetyl phenylalanine, a ketone-containing residue, was prepared and PEGylated

efficiently via oxime ligation using mPDA. This new catalyst should have a significant impact on

the field of bioconjugation, where oxime ligation and hydrazone-oxime exchange are commonly

employed.

Introduction

Imine-based reactions are widely used to link complex biomolecules due to their high

chemoselectivity and reversibility.1–8 When there is an oxygen or nitrogen atom adjacent to

a nitrogen as in the cases of hydrazines and alkoxyamines, the reaction favors imine

formation;9, 10 in the absence of such a substituent, the equilibrium favors formation of free
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amine and free aldehyde or ketone. Among all imine-based reactions, oximes are the most

stable imines10 and as a result have found widespread use in applications such as protein

labeling,11–15 analyzing protein-protein interactions and in vivo cell imaging.11, 12 Although

aniline is known to catalyze the oxime formation reaction, it suffers from relatively slow

reaction kinetics, especially when a ketone is being used11,18 or when transoximization is

conducted.13 In the case of ketones under physiological conditions, even in presence of

aniline, it takes several hours for the reaction to be complete although faster rates can be

achieved if higher reactant concentrations are employed. Moreover, in the case of

hydrazone-oxime exchange, the reaction rates are orders of magnitudes slower. Therefore,

discovery of an improved catalyst would significantly improve the utility and broaden the

scope of this valuable bioorthogonal reaction. Here, we introduce a new catalyst, m-

phenylenediamine (mPDA) that can accelerate oxime ligation several times faster compared

with aniline-catalyzed oxime ligation. That feature, in concert with the substantially greater

aqueous solubility of m-phenylenediamine allows rate accelerations of approximately 15-

fold to be obtained.

Experimental Section

Dansyl fluorescence assay

Reaction mixtures contained phosphate buffer (PB) (100 mM, pH 7.0), varying

concentrations (10 µM to 300 µM) of aminooxy-dansyl (1), 0.08 % (w/v) n-dodecyl-β-D-

maltoside, 50 µM aldehyde (citral or dodecanal) and varying concentrations of catalysts, in a

final volume of 250 µL. The reaction mixtures were equilibrated at rt for 1 min, initiated by

the addition of the aldehyde, and monitored for an increase in fluorescence (λex=340 nm,

λem=505 nm) for approximately 50 min.

Catalyst screening

m-Phenylediamine, o-phenylenediamine, p-phenylediamine, o-aminophenol, m-

aminophenol, p-aminophenol, o-aminobenzoic acid and aniline were analyzed for catalytic

activity in the oxime ligation reaction. Reaction mixtures contained PB (100 mM, pH 7.0),

100 µM aminooxy-dansyl (1), 0.08 % (w/v) n-dodecyl-β-D-maltoside, 50 µM aldehyde

(citral or dodecanal) and 25 µM catalyst, in a final volume of 200 µL. The reaction mixtures

were equilibrated at rt for 1 min, initiated by the addition of the aminooxy reagent, and

monitored for an increase in fluorescence (λex=340 nm, λem=505 nm) for 50 min.

Effect of the catalyst concentration on the kobs

Reaction mixtures contained PB (100 mM, pH 7.0), 100 µM aminooxy-dansyl (1), 0.08 %

(w/v) n-dodecyl-β-D-maltoside, 30 µM aldehyde (citral) and varying concentrations of

catalysts (25 to 50 mM) in a final volume of 200 µL. The reaction mixtures were

equilibrated at rt for 1 min, initiated by the addition of the aldehyde, and monitored for an

increase in fluorescence (λex=340 nm, λem=505 nm) for approximately 25 min.

Kinetic analysis of oxime ligation between 2-pentanone and aminooxy-dansyl 1

Reaction mixtures contained Tris·HCl (50 mM, pH 7.5), aminooxy-dansyl 1 (150 µM), 0.4

% (w/v) n-dodecyl-β-D-maltoside, 5 mM ketone (2-pentanone) and varying concentrations
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of catalysts, in a final volume of 200 µL. The reaction mixtures were equilibrated at rt for 1

min, initiated by the addition of the aminooxy, and monitored for an increase in fluorescence

(λex=340 nm, λem=505 nm) for approximately 4 h.

Enzymatic incorporation of 2 into GFP-CVIA (3)

Enzymatic reaction mixtures (50 mL) contained Tris·HCl (50 mM, pH 7.5), MgCl2 (10

mM), KCl (30 mM), ZnCl2 (10 µM), DTT (5.0 mM), GFP-CVIA (3, 2.4 µM), 2 (50 µM),

and PFTase (200 nM). After incubation at rt overnight, the reaction mixture was

concentrated using an Amicon Centriprep centrifugation device (10,000 MW cut-off). Next,

excess 2 was removed with a NAP-5 (Amersham) column using Tris·HCl (50 mM, pH 7.5)

as the eluent. The subsequent protein concentration was calculated by UV absorbance at 488

nm (ε=55,000 M−1·cm−1).

Kinetic analysis of protein labeling via oxime ligation

Reaction mixtures contained PB (100 mM, pH 7.0), 10 µM GFP-aldehyde 4a, 50 µM

aminooxy-dansyl 1 and varying concentrations of m-phenylenediamine or 100 mM aniline,

in a final volume of 250 µL. The reaction mixtures were equilibrated at rt for 1 min, initiated

by the addition of the catalyst, and monitored for an increase in fluorescence (λex=340 nm,

λem=505 nm) for approximately 100 min.

Crude prenylation, immobilization and subsequent labeling and release of GFP-CVIA

A pellet of cells expressing GFP-CVIA were 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 3,

to achieve a final concentration of 2.0 µM in the crude mixture. After overnight incubation

at rt, the reaction mixture was filtered and concentrated using an Amicon Centriprep

centrifugation device (10,000 MW cut-off). 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.

Hydrazide agarose beads (Thermo Scientific, hydrazide loading: 16 µmol/mL) (300 µL)

were washed with PB (0.1 M, 3×500 µL, pH 7.0). PB (30 µL, 1 M, pH 7.0) was added to the

beads followed by addition of 4a in the crude mixture (200 µL, 70 µM). Immobilization was

initiated by adding aniline (100 mM) or m-phenylenediamine (40 mM). After 1 h with

constant agitation, the beads were washed thoroughly with PB (0.3 M, pH 7.3) and KCl

(3×300 µL, 1 M) to remove non-specifically bound proteins followed by incubation with

aminooxy fluorophore 5 (0.7 mM) and either m-phenylenediamine (700 mM) or aniline (100

mM) with constant agitation. The supernatant was then analyzed via SDS-PAGE and in-gel

fluorescence analysis to compare the amount of protein released from the beads with either

catalyst.
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LC-MS analysis of proteins for determination of prenylation and labeling efficiency

Purified prenylated GFP (4a) and pure GFP-CVIA (3) were analyzed by LC-MS to ensure

complete prenylation. Proteins were stored in Tris·HCl (50 mM, pH 7.5) prior to injection

into the LC-MS instrument. Crude reaction mixtures of GFP-aldehyde 4a and aminooxy 1
catalyzed by either aniline or m-phenylenediamine were analyzed by LC-MS to ensure

complete ligation in both cases of the catalysts. The LC-MS method used was a gradient of

0–100% solvent A (H2O, 0.1% HCO2H) to B (CH3CN, 0.1% HCO2H) in 25 min.

Kinetic analysis of hydrazone-oxime exchange

The hydrazide beads containing immobilized GFP were incubated in PB (0.3 M, pH 7.0)

with aminooxy-alexafluor-488 5 (1 mM) and either aniline (100 mM) or m-

phenylenediamine (750 mM) with constant agitation of the resulting mixtures at rt. The

solutions were centrifuged at different time points (every 1 h for mPDA and every 2 h for

aniline for a total of 8 h) and the amounts of released protein in the solutions were analyzed

via SDS-PAGE. Gels were visualized by staining with Coomassie blue after being scanned

via in-gel fluorescence imaging of alexafluor-488.

PEGylation from immobilized GFP-beads

Immobilization was performed as described above. Beads were washed thoroughly with PB

(0.3 M, pH 7.3) and KCl (3×300 µL, 1 M) to remove non-specifically bound proteins. Next,

the beads were incubated with aminooxy PEG 10 (5 mM) and m-phenylenediamine (200

mM) for 2 h with constant agitation of the solution at rt. MALDI-MS analysis of the

supernatant indicated the successful PEGylation and release of the aldehyde-GFP from the

hydrazide-beads.

Prenylation of CNTF-CVIA with aldehyde analog 2

Enzymatic reaction mixtures (20 mL) contained Tris·HCl (50 mM, pH 7.5), MgCl2 (10

mM), KCl (30 mM), ZnCl2 (10 µM), DTT (5.0 mM), CNTF-CVIA (2.4 µM), 2 (50 µM), and

PFTase (200 nM). After incubation at rt for 90 min, the reaction mixture was concentrated

using an Amicon Centriprep centrifugation device (10,000 MW cut-off). Next, excess 2 was

removed with a NAP-5 (Amersham) column using Tris·HCl (50 mM, pH 7.5) as the eluent.

Purified prenylated CNTF (9) and pure CNTF-CVIA were analyzed by LC-MS to ensure

complete prenylation. Proteins were stored in Tris·HCl (50 mM, pH 7.5) prior to injection

into the LC-MS instrument.

Coupling reaction between aldehyde-labeled CNTF-CVIA (9) with alexafluor-488 (5)

Alexafluor-488 (5) (4.2 µL of 3.2 mM solution in DMSO) was added to 42 µL of 9 (stock

solution of 60 µM in Tris·HCl (50 mM, pH 7.5)). PB (2 M, pH 7, 2.5 µL) was added and the

reaction was initiated by adding 50 mM m-phenylenediamine (stock solution of 1.5 M in 0.3

M PB, pH 7.0) and was allowed to proceed for 30 min at rt. LS-MS analysis of the sample

showed only oxime ligated protein and no free aldehyde was detected indicating a complete

reaction in both prenylation and oxime ligation reactions.
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Rate analysis of the coupling reaction between aldehyde-CNTF 9 and aminooxy 5

Alexafluor-488 (5) (8 µL of 3.1 mM solution in DMSO) was added to 6 µL of PB (1 M, pH

7) and 2 µL of m-phenylenediamine (stock solution of 1.5 M in 0.3 M PB, pH 7.0) or 2 µL

water as the control reaction. Reactions were performed at rt and were initiated by adding 20

µL of 9 (stock solution of 60 µM in Tris·HCl (50 mM, pH 7.5)). To monitor the reactions, 15

µL aliquots were withdrawn at 5 min intervals, added to 15 µL of loading buffer, flash

frozen by liquid nitrogen and subjected to SDS-PAGE analysis. Samples were heated at 98

°C for 4 min prior to gel analysis.

PEGylation of DHFR2 M174pAcF 11 protein with aminooxy-PEG 12 using mPDA

DHFR2 fusion protein with the unnatural amino acid p-acetyl phenylalanine (DHFR2

M174pAcF) (7 µM) was reacted with aminooxy-PEG 12 (3 kDa) (5 mM) in PB (0.1 M, pH

7) in the presence of either 100 mM aniline, 500 mM mPDA or no catalyst at rt. The

amounts of PEGylated protein in the solutions were analyzed at different time points via

SDS-PAGE. Gels were visualized by staining with Coomassie blue. Densitometry analyses

on the stained gels were performed using the program ImageJ v1.46.

General procedure for MALDI analysis of protein samples

The sample was adsorbed onto a zip-tip (C4 column) via repeated cycles of aspiration and

ejection (5–10 cycles of 10 µL each) using a pipettor. Next, in order to remove excess buffer

and reagents, the zip-tip was washed 5×10 µL with solvent A (H2O containing 0.1% TFA;

v/v) and the proteins eluted with 2 µL of a mixture of A and B (25:75) (solvent B: CH3CN

containing 0.1% TFA; v/v). 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 and both were mixed thoroughly

to form crystals. A saturated solution of sinapinic acid (3,5-dimeth-oxy-4-hydroxy-cinnamic

acid) was used as the matrix.

Results and Discussion

Development of an assay to analyse kinetic of the oxime ligation reaction

In order to study catalysis of oxime ligation, a continuous fluorescence assay was developed

that enabled easy monitoring of the reaction. The dansyl chromophore manifests

environmentally sensitive fluorescence that increases in the presence of hydrophobic

groups.14 Thus, it was postulated that reaction of an aminooxy dansyl compound with a

hydrophobic aldehyde or ketone would result in an increase in dansyl fluorescence that

could easily be used to monitor the kinetics of oxime ligation. Therefore, an aminooxy-

derivatized dansyl-containing compound, 1, was designed and synthesized in three steps

(Figure 1A). Incubation of 1 in the presence of citral, dodecanal or 2-pentanone resulted in a

time dependent increase in fluorescence indicative of oxime formation. The formation of

these products was confirmed by HPLC and MS analysis.

Screening for a new catalyst suitable for oxime ligation reaction

After validating the continuous fluorescence assay, a number of different compounds were

examined to identify new putative oxime ligation reaction catalysts. Two key features were
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considered in screening for such catalysts. First, the basicity of the intermediate Schiff base

imine formed15 should not be significantly lower than the original amine (catalyst) basicity.

Second, the catalyst should have high water solubility. Aromatic amines that are conjugated,

such as aniline, meet only the first requirement in that their Schiff bases have basicities close

to their free amines.16 Based on the idea that the presence of electron donating groups on an

aromatic ring would render the corresponding Schiff base more basic, it was reasoned that

such compounds would be more efficient reaction catalysts. Thus, o-, m- and p-

aminophenols, o-aminobenzoic acid and o-, m- and p-phenylenediamines were examined.

The latter three compounds have the advantage of having two amino groups that

theoretically increases the probability of formation of an intermediate Schiff base that could

result in higher catalytic efficiency. After using the fluorescence assay described above to

screen all seven proposed catalysts, and fitting the data to the second order kinetic model

previously employed by Dawson and coworkers,15 a range of results were obtained and are

summarized in Table 1 and Figure S1. Given the variations in rate observed with the

different catalysts, it is likely that a complex interplay of factors including inductive, steric

and resonance effects together with hydrogen bonding (in the case of ortho substituents)

participate in controlling their reactivity. o-Aminophenol was found to have a solubility too

low to be useful. o-Phenylenediamine, m-aminophenol, and o-aminobenzoate were found to

be equal to or less efficient than aniline while p-aminophenol, m-phenylenediamine and p-

phenylenediamine were found to be more efficient compared with aniline. Of those latter

three, m-phenylenediamine (mPDA) was the most efficient catalyst (1.7-fold compared to

aniline) and had high water solubility. Hence mPDA was selected for further study.

Kinetic analysis of oxime ligation reactions using aniline and m-phenylenediamine (mPDA)

Next, the reactions between several aldehyde- and ketone-containing compounds and

alkoxyamine 1 were studied using aniline and mPDA as catalysts. Two hydrophobic

aldehydes compatible with the fluorescence-based assay, citral and dodecanal (conjugated

and nonconjugated aldehydes, respectively) were selected for initial experimentation.

Analyses were performed using 50 mM catalyst (aniline or mPDA), 100 µM 1 and 30 µM

aldehyde in phosphate buffer at pH 7.3. Interestingly, analysis of those reactions showed

that both aldehydes were labeled with dansyl-aminooxy 1 within a few minutes. An equal

concentration of mPDA was almost twice as efficient (Figure 1C, blue squares) as aniline

(black triangles) consistent with what was observed in the initial screening; when no catalyst

was employed, oxime formation required more than 80 min to achieve comparable levels of

conversion under the same conditions (Figure S2-A, green circles). Significantly, citral, a

conjugated aldehyde, reacted almost two times slower than dodecanal did (Figure S2-B).

Given the importance of ketone-containing compounds as targets for bioorthogonal

reactions, 2-pentanone was also studied as an example and was found to react at a rate at

least two orders of magnitude slower than either of the two aldehydes (kobs for oxime

ligation of citral and 2-pentanone with aminooxy-dansyl 1 were 48.6 s−1M−1 and 0.082

s−1M−1 using 50 mM and 100 mM aniline as a catalyst, respectively; Table 1 and Table 3).

This highlights the role of carbonyl group reactivity in oxime formation kinetics. Aldehydes

react more rapidly than ketones and non-conjugated aldehydes are more reactive than

conjugated ones. Dawson and coworkers originally established that the kinetics of oxime

ligation reactions catalyzed by aniline fit a second order model that is first order in both
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aldehyde and alkoxyamine.15 They also showed that the apparent second order rate constant

for this process varied with aniline concentration. Wen-jun et al. extended those

observations by demonstrating that the apparent second order rate constant varied linearly

with aniline.17 Accordingly, we analyzed the rate data for the citral model reaction described

here and confirmed that both the aniline- and mPDA-catalyzed reactions vary linearly with

catalyst concentration (Figure S4 and S5; Table 2). A linear dependence on reaction rate

with catalyst concentration was also observed in the model reaction involving the ketone, 2-

pentanone (Table 3 and Figure S3). Overall, the results of these model studies indicate that

the increase in reaction rate using mPDA is approximately 2-fold higher than that obtained

with aniline when the catalysts are employed at equal concentrations. However, the fact that

the rate of oxime formation is first order in catalyst, coupled with the much greater solubility

of mPDA suggested that it should be possible to obtain much greater rate acceleration with

mPDA by employing it at concentrations substantially above the solubility limit of aniline (~

100 mM). That feature is apparent from the data shown in Table 3 for 2-pentanone and was

investigated in more detail using aldehyde- and ketone-containing proteins as described

below.

Kinetic analysis of oxime ligation on proteins

To examine the kinetics of oxime ligation on proteins, the enzyme protein

farnesyltransferase (PFTase) was employed to introduce aldehyde functionality into

proteins. In previous work, a number of groups have exploited the high specificity of

PFTase to site-specifically modify proteins. PFTase catalyzes the transfer of an isoprenoid

group from farnesyl pyrophosphate (FPP, Figure 2A) to a cysteineyl sulfur atom present in a

tetrapeptide sequence (denoted as a CaaX-box) positioned at the C-terminus of a protein.

Importantly, 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 of the isoprenoid substrate, it can be used to introduce a variety of

different functional groups into proteins; chemoselective reaction with the resulting

functionalized protein can then be used for a wide range of applications. We previously

showed that aldehyde-containing FPP analogues could be successfully incorporated into the

proteins using this strategy and used such aldehyde-modified proteins here.

GFP-CVIA (3) was employed as a model protein to perform oxime kinetic analysis (Figure

2C). The protein was tagged with analogue 218 using PFTase to yield aldehyde-labeled

protein 4a that was used in subsequent ligation reactions. Dansyl-aminooxy 1 was added to a

solution of 10 µM aldehyde-functionalized protein 4a and the reactions were initiated by the

addition of either aniline or mPDA catalyst. As was observed with the simple aldehyde

model compounds described above, oxime formation between 1 and 4a resulted in a

significant increase in dansyl group fluorescence that was then used to measure the reaction

rate; no fluorescence change was observed when unprenylated GFP-CVIA (3) was treated

with 1 (Figure S7). Additionally, analysis of the initial protein 3, aldehyde-functionalized

protein 4a, and oxime-labeled protein 4b via LC-MS gave species at 27,335 Da, 27,619 Da,

27,926 Da, confirming that prenylation and the following oxime labeling were proceeding as

expected (Figure S6). Interestingly, examiniation of the reaction rates using 4a via the

fluorescence assay showed that both catalysts were somewhat less effective with the protein
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aldehyde than they were with the simple model aldehydes (Figure S7). That observation

suggests that the reactivity of the aldehyde can be modulated by the protein to which it is

attached and is consistent with previous observations reported by Dawson and Bertozzi

where varying extents of acceleration by aniline were reported.5, 11 Since mPDA, in contrast

to aniline, has a high solubility in water at pH 7 (approximately 100 mM for aniline

compared to >2 M for mPDA), we decided to examine the effect of employing higher

concentrations of the new catalyst on the oxime ligation reaction using a protein-aldehyde

substrate. Consistent with the first-order kinetics observed in the model reactions discussed

above, a plot of rate versus mPDA concentration for oxime-protein ligation was also linear

(Figure S8). Thus, the ability to employ higher concentrations of mPDA compared with

aniline due to its greater solubility resulted in significant rate acceleration; for example

inclusion of mPDA at 750 mM resulted in essentially complete labeling of the aldehyde-

functionalized protein 4a in about 90 s (Figure 2D), which is an impressive result compared

with the minimal reaction (<7%) obtained with 100 mM aniline during that same time

period. Kinetic analysis revealed that when aniline and mPDA were used at the same

concentrations (100 mM), mPDA catalyzed the reaction ~2.5 times more efficiently than

aniline (compare kobs of 10.3 M−1·s−1 for aniline versus 27.0 M−1·s−1 for mPDA, Table S1).

More importantly the rate was greater than 10 times higher when mPDA was 500 mM and

approximately 15 times higher when mPDA was 750 mM (Figure S8 and Table S1).

Capture and release strategy to purify and label proteins from crude cell extract using
mPDA

For many protein labeling applications, the target polypeptide is not always pure or present

in high abundance; therefore, specific modification strategies that function in a crude

mixture are necessary. In previous work, we reported on a method for site-specifically

functionalizing a protein in a crude cell mixture, and labeling and purifying the modified

protein using aniline without any additional purification.18 Although that process was

successful, it required long reaction times to achieve significant levels of conversion.

Accordingly, we next re-evaluated our aforementioned method for protein labeling with the

new, more effective, mPDA catalyst discovered here. Thus, E. coli cells expressing GFP-

CVIA 3 were lysed and enzymatically prenylated using PFTase and substrate 2. LC-ESI/MS

analysis of the reaction sample confirmed incorporation of the aldehyde functionality into

the GFP-CVIA 3 in the crude cell lysate. The reaction mixture was then concentrated and

excess 2 was removed via size exclusion column chromatography. Aldehyde-GFP 4a was

then selectively immobilized from the crude cell lysate onto hydrazide-functionalized beads

using either 100 mM aniline or 40 mM mPDA as the catalyst. Immobilization was complete

in less than 45 min in both cases at which point the beads became highly fluorescent. Next,

the beads were thoroughly washed to remove any non-specifically bound proteins and then

treated with aminooxy-alexafluor-488 5 in the presence of 100 mM aniline or 700 mM

mPDA and the amount of released and fluorescently labeled protein was measured. SDS-

PAGE analysis of the supernatant solution showed a single band attributable to the released,

labeled GFP 4d (Figure 3). Qualitatively, from that data, it is clear that the efficiency of

protein release using mPDA is substantially greater than with aniline. A more thorough

kinetic analysis revealed that mPDA, under these reaction conditions, can release

immobilized protein from the beads with an initial velocity approximately 15 times faster

Rashidian et al. Page 8

Bioconjug Chem. Author manuscript; available in PMC 2014 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



than aniline (compare kobs of 0.0159 h−1 for 100 mM aniline with 0.237 h−1 for 750 mM

mPDA, Table S2, Figure 4). The in-gel fluorescence analysis further confirmed that the

released protein was actually labeled with fluorophore 5 with either catalyst (Figure 4).

Overall, this important result indicates that a protein can be enzymatically modified in a

crude mixture, selectively immobilized onto hydrazide beads in the presence of many other

proteins and then successfully labeled and released back into the solution in high yield using

an aminooxy-fluorophore in less than 8 h. It is worth noting that when the mPDA/aminooxy

reagent ratio is very high (>250), Schiff base formation (as an end product) is competitive

with oxime ligation. Thus, we recommend that mPDA/aminooxy reagent ratios of less than

250 be used so that competitive Schiff base formation becomes negligible.

Capture and release strategy to purify and PEGylate proteins from crude cell extract using
the catalyst

The attachment of polyethylene glycol (PEG) chains to proteins is the most widely

employed method for increasing the half-life of protein-based therapeutic agents in

blood.19, 20 Site-specific methods for protein PEGylation can minimize deleterious effects

associated with nonselective PEGylation.21 In previous work, we described a method for

site-specific protein PEGylation based on the capture and release strategy outlined above

using aniline as a catalyst.18 In that work, PEGylation was achieved by releasing the

captured protein (obtained by enzymatic aldehyde incorporation in crude extract followed by

immobilization via hydrazide formation) using an aminooxy-functionalized PEG polymer.

Given the significant rate enhancement observed with mPDA, we elected to evaluate the

utility of this new catalyst for rapid protein PEGylation. Thus, 3 was prenylated with 2 using

PFTase in crude E. coli extract followed by capture using hydrazide-functionalized agarose.

After washing the material to remove nonspecifically bound proteins, the desired PEGylated

protein (7) was eluted via treatment with 5 mM aminooxy-PEG 6 in the presence of 200 mM

mPDA (Figure 5). Analysis of that material by MALDI-MS (Figure 5) showed a product

with a mass of 38 kDa (and nothing else) consistent with the formation of highly pure

PEGylated protein 7 from crude lysate in less than 2 h; the broad peak observed is consistent

with the attachment of a polydisperse polymer to a monodisperse protein. It is also important

to note that no species resulting from the Schiff base formation of mPDA or addition of

multiple PEG chains were observed, consistent with the selective nature of the chemistry

employed here.

Rapid labeling of CNTF, a protein of biomedical importance, using mPDA

Having established the utility of this method for rapid C-terminal site-specific modification

with a model protein, GFP, we decided to illustrate its use by modifying a protein of

biomedical importance. Ciliary neurotrophic factor (CNTF) is a member of a class of

proteins that stimulate neurite outgrowth and promote neuron survival during inflammatory

events.22 Recently, CNTF has been studied extensively as a possible therapeutic agent for

slowing retinal degeneration.23, 24 Thus, we elected to investigate the preparation of a

fluorescent form of CNTF using the new catalyst reported here. To accomplish this, purified

CNTF−CVIA (8), a form of CNTF engineered to contain a C-terminal CAAX box, was

prenylated with analog 2 under conditions established above for GFP followed by labeling

using aminooxy fluorophore 5 and mPDA as the catalyst. LC-MS analysis (Figure S9)
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confirmed successful prenylation and subsequent labeling of CNTF; as expected, both the

enzymatic prenylation and the subsequent oxime ligation proceed with essentially complete

conversion. Next, we analyzed how fast the protein is indeed labeled when the new catalyst

is used. The aldehyde-labeled protein 9 (50 µM) was incubated with alkoxyamine 5 (600

µM), with or without mPDA as the catalyst (80 mM) and the reaction was monitored via

SDS-PAGE as a function of time. In-gel fluorescence analysis of the resulting gel showed a

substantially higher labeling efficiency when mPDA was used as the catalyst relative to

when no catalyst was used (Figure 6). Inspection of the Coomassie blue stained gel revealed

that the labeled protein manifests a decrease in electrophoretic mobility compared to the

prenylated protein due to their mass difference allowing the two forms to be distinguished.

Accordingly, Coomassie blue visualization of the gel showed that while almost all of the

protein was labeled when mPDA was used, the amount of labeling that was obtained in the

absence of mPDA was very small when the reaction was performed within the same time

period (Figure 6).

PEGylation of a protein containing a ketone using mPDA

In addition to aldehydes, ketone-containing proteins have also been used for a number of

bioconjugation applications including protein PEGylation and spin-labeling.25 The

incorporation of the non-natural amino acid p-acetyl phenylalanine into polypeptides via

suppressor t-RNA technology is a versatile approach for site-selective introduction of

ketones into proteins.26, 27 However, given the attenuated reactivity of ketones, oxime

formation is typically carried out under conditions more extreme than those used for

comparable reactions with aldehydes. For example, a recent report from Schultz and

coworkers employed 100 µM of a ketone-containing antibody and 5 mM alkoxyamine at pH

4.5, 37 °C to achieve near completion in 24 h.28 To probe the utility of mPDA for catalyzing

oxime formation with a ketone-containing protein, a p-acetyl phenylalanine-containing

protein, (DHFR2 M174pAcF, 11) was produced in E. coli and purified. Aminooxy-PEG 12
(3 kDa, 5 mM) was reacted with DHFR2 M174pAcF (11, 7 µM) in PB (0.1 M, pH 7) in the

presence of either 100 mM aniline, 500 mM mPDA or no catalyst. The extent of PEGylation

was analyzed at different times via SDS-PAGE and the protein bands were visualized by

staining with Coomassie blue. Densitometric analysis of the gels revealed that while aniline

did not have a significant effect on the reaction rate (Figure S10), approximately 2.5 fold

increase in the rate was observed when mPDA was used as the catalyst (Figure 7). It should

be noted that while the protein concentration in this experiment (7.0 µM) was comparable to

that used in the work described above with aldehyde-containing proteins (10 µM), it was

necessary to increase the concentration of the aminooxy-PEG reagent to compensate for the

decreased reactivity of the ketone (compare 0.1–1.0 mM for the aldehyde with 5 mM for the

ketone). The presence of elevated concentrations of the aminooxy compound increases the

rate for uncatalyzed oxime formation thereby reducing the net effect of the catalyst.

Nevertheless, using mPDA, it was still possible to obtain substantial oxime formation under

conditions significantly milder (7 µM protein-ketone, 5 mM aminooxy-PEG, pH 7.0, rt) than

those reported by other groups.25, 28, 29
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Effect of mPDA on protein structure and function

Since the mPDA catalyst described here is typically employed at elevated concentrations

(relative to aniline), we decided to study its effect on protein structure and enzymatic

function using two different assays. In the first assay, GFP was treated with different

concentrations of mPDA followed by gel filtration chromatography to remove the catalyst.

Circular dichroism spectroscopy of the resulting samples showed no significant differences

suggesting that exposure to mPDA does not cause substantial denaturation or irreversible

protein unfolding (Figure S12). In the second assay, the effect of mPDA on enzymatic

activity was examined. PFTase was treated with various concentrations of mPDA followed

by dilution (to reduce the mPDA concentration by a factor of 20) and activity measurement

using the aforementioned spectrofluorometric assay. Analysis of that data showed no

significant loss of enzymatic activity following treatment with mPDA (Figure S8). Overall,

these results suggest that mPDA can be used to catalyze oxime-ligation reactions with

proteins without deleterious effects on protein structure or enzymatic activity.

Conclusion

In conclusion, an analysis of the oxime ligation reaction for bioconjugation purposes was

performed and resulted in the discovery of several new catalysts for oxime formation and

hydrazone-oxime exchange with, m-phenylenediamine (mPDA), being the most efficient.

mPDA is a highly efficient catalyst that accelerates oxime formation by orders of magnitude

under physiological conditions; compared with aniline, it can catalyze the reaction

approximately two-fold faster when employed at equal concentrations. Importantly, mPDA

has the advantage of being significantly more soluble than aniline. That feature, in concert

with greater catalytic efficiency, allows oxime ligation and hydrazone-oxime exchange to be

performed up to 15-fold faster with mPDA compared with aniline; this result is reminiscent

of observations made in mechanistic studies of native chemical ligation where replacement

of thiophenol with 4-carboxymethyl thiophenol led to significant rate enhancement in

transthioesterification due to the much greater solubility of the latter compound.30 The

acceleration obtained with mPDA is particularly useful for bioconjugation where high

concentrations of proteins cannot typically be obtained to increase the reaction rate. To

showcase the utility of this new catalyst, we demonstrated that a protein can be

enzymatically labeled with an aldehyde moiety in crude cellular extract, selectively

immobilized onto hydrazide beads, and released back into the solution as a fluorescently

labeled or PEGylated protein via mPDA catalyzed hydrazone-oxime exchange in a few

hours. The amount of protein released in 3 h from the beads was up to 15 times higher in the

case of mPDA compared to aniline as the catalyst. While the decreased reaction times

achievable with mPDA could be useful in many contexts, this catalyst may be particularly

useful for the preparation of materials containing short half-life radionuclides employed for

various biomedical imaging applications.31–33 Overall, this new catalyst should be useful for

a wide range of bioconjugation applications that require rapid reactions under mild,

biocompatible reaction conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

mPDA m-phenylenediamine

PB phosphate buffer

DHFR dihydrofolate reductase

rt room temperature

PFTase protein farnesyl transferase

FPP farnesyl pyrophosphate

PEG poly ethylene glycol

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

pAcF p-acetylphenylalanine

CNTF ciliary neurotrophic factor

LC-MS liquid chromatography-mass spectrometry

MALDI matrix-assisted laser desorption ionization.
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Figure 1.
A) Synthesis of dansyl-aminooxy 1. B) Schematic representation of dansyl-fluorescence

assay. When the dansyl moiety is in close proximity to a hydrophobic group, its

fluorescence increases. “Hydrophobic moiety” represents the alkyl chain of the aldehyde- or

ketone-containing reactants. C) Analysis of the reaction of 1 (100 µM) with citral (30 µM), a

conjugated hydrophobic aldehyde, in presence of either 50 mM mPDA (squares) or 50 mM

aniline (triangles) with kobs of 78.2 s−1M−1and 48.9 s−1M−1 respectively. D) Analysis of the

reaction of 1 (150 µM) with 2-pentanone (5 mM), a non-conjugated ketone, in presence of
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either 100 mM mPDA (squares) or 100 mM aniline (triangles) with kobs of 0.20 s−1M−1and

0.082 s−1M−1 respectively.
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Figure 2.
Kinetic analysis of oxime ligation with an aldehyde-functionalized protein. A) Structures of

FPP and compound 2. B) Schematic representation of a prenylation reaction with a protein

containing a CaaX box at its C-terminus. C) Schematic representation of oxime ligation with

an aldehyde-functionalized protein 4a using either aniline or mPDA as the catalyst. D)

Kinetic analysis of oxime ligation between 4a (10 µM) and 1 (50 µM) using either aniline or

different concentrations of mPDA. Note: at high mPDA/aminooxy ratios, Schiff base

formation is competitive with oxime ligation. Hence, the % labeling reported here for oxime
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formation is relative to the value at equilibrium and not complete conversion (vide infra).

The solubility limit for aniline is approximately 100 mM under these conditions.
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Figure 3.
Purification and selective labeling of a protein using mPDA. Target protein was site-

specifically tagged by aldehyde-FPP analog via PFTase followed by capture of the

aldehyde-functionalized protein in the crude cell lysate by hydrazide functionalized surfaces.

Prenylation in the crude was confirmed by LC-MS analysis on the crude extract after

prenylation. The immobilized protein was then released into the solution and fluorescently

labeled by addition of aminooxy-fluorophore 5 (0.7 mM), using either mPDA (700 mM) or

aniline (100 mM, its approximate solubility limit) as the catalyst. SDS-PAGE analysis

(visualized by staining with Coomassie blue): Right lane (1): crude cell lysate, middle lane

(2): released protein (after immobilization) obtained using aniline for 4 h; Left lane (3):

released protein after immobilization obtained using mPDA for 3 h.
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Figure 4.
Kinetic analysis of the release of the hydrazone immobilized protein into fluorescently

labeled oxime protein via hydrazone-oxime exchange reaction. Immobilized protein was

incubated with aminooxy fluorophore 5 (1 mM) and catalyst, followed by analysis of the

amount of released protein in the solution via SDS-PAGE. In (A) and (B), the upper bands

were visualized by staining with Coomassie blue while the lower bands were detected via

in-gel fluorescence imaging of Alexafluor-488. A) Time course of protein release in 1–8 h

using mPDA (750 mM) as the catalyst. B) Time course of protein release using aniline (100

mM, its approximate solubility limit). C) Comparison of protein release rates using aniline

or mPDA obtained by densitometric analysis of the SDS-PAGE results shown in (A) and

(B) using the Coomassie blue stained gels.
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Figure 5.
A) Use of PFTase-catalyzed protein modification for site-specific PEGylation from crude

cell lysate using the mPDA. The target protein was prenylated, captured using hydrazide

beads and then simultaneously released into the solution and PEGylated by the addition of

aminooxy-PEG (6, 5 mM using 200 mM mPDA as a catalyst. B) MALDI analysis of the

released material in less than 2 h confirmed the formation and release of the highly pure

PEGylated GFP (7) into the solution.
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Figure 6.
Prenylation of CNTF-CVIA (8) with aldehyde analog 2 followed by fluorophore labeling of

the prenylated protein (50 µM) via oxime ligation with 5 (250 µM) for 5 min. A and B are

SDS-PAGE analysis of the labeled protein. A) No catalyst was used for labeling. B) mPDA

was used as the catalyst (80 mM) for labeling. Upper bands are detected via in-gel

fluorescence analysis and lower bands are visualized by staining with Coomassie blue. The

fluorescently labeled protein has a higher mass and hence shows a decrease in its

electrophoretic mobility compared to the precursor prenylated protein.
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Figure 7.
Kinetic analysis of PEGylation of the protein DHFR2 M174pAcF which contains the

unnatural amino acid p-acetyl phenylalanine with aminooxy-PEG (3 kDa). Protein (7 µM)

was incubated with aminooxy-PEG (5 mM) with either 100 mM aniline or 500 mM catalyst.

Next the samples were analyzed via SDS-PAGE and the protein was visualized by staining

with Coomassie blue. A) Time course of protein PEGylation in 1–17 h using mPDA (500

mM) as the catalyst. B) Time course of protein PEGylation using aniline (100 mM, its

approximate solubility limit) as the catalyst. C) Comparison of protein PEGylation rates

using aniline or mPDA obtained by densitometric analysis of the SDS-PAGE results shown

in (A) and (B) using the Coomassie blue stained gels.
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Table 1

Kinetic analysis of oxime ligation reactions between the aldehyde, citral, and 1 with different catalysts.

Catalysta kobs
b

(s−1 M−1)

kobs
/kobs(aniline)

t1/2
(min)

Approximate
Solubilityc

Aniline 24.4±0.5 - 5.54 100 mM

o-Aminophenol - - - Insoluble

m-Aminophenol 23.9±0.5 0.98 5.65 100 mM

p-Aminophenol 33.5±0.9 1.37 4.04 50 mM

o-Aminobenzoic acid 24.8±0.8 1.01 5.45 very soluble (>2 M)

o-Phenylene-diamine 18.1±0.3 0.74 7.47 very soluble (>1 M)

m-Phenylene-diamine 41.5±1.2 1.70 3.26 very soluble (>2 M)

p-Phenylene-diamine 29.2±0.7 1.20 4.63 very soluble (>1 M)

a
Reactions were performed using citral (50 µM), aminooxy-dansyl 1 (100 µM) and catalyst (25 mM).

b
The kobs values were obtained by fitting the experimental data to Equation S3 using Kaleidagraph v4.1.3. The values are provided ± the standard

error obtained from the curve fit.

c
Solubility in phosphate buffer (0.1 M), pH 7.0, at rt.
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Table 3

Kinetic analysis of oxime ligation reaction between the ketone, 2-pentanone, and 1 at different catalyst

concentrations.

[Catalyst]a
(mM)

kobs
b

(s−1 M−1)

kobs
/kobs(aniline)

t1/2
(min)

100 aniline 0.082±0.0007 - 28.5

100 mPDA 0.20±0.0016 2.41 11.2

300 mPDA 0.36±0.0042 4.45 6.4

500 mPDA 0.73±0.0071 8.89 3.2

700 mPDA 1.17±0.013 14.3 2.0

900 mPDA 1.69±0.022 20.7 1.4

a
Reactions were performed using 2-pentanone (5.0 mM), aminooxy-dansyl 1 (150 µM) and the catalysts at the concentrations indicated.

b
The kobs values were obtained by fitting the experimental data to Equation S3 using Kaleidagraph v4.1.3. The values are provided ± the standard

error obtained from the curve fit.
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