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for the Construction of Complex Bioconjugates 
Johnathan C. Maza,a Alexandra V. Ramsey, a Meire Mehare,a Shane W. Krska,b Craig A. Parishb and 
Matthew B. Francis *a,c 

A convenient two-step method is reported for the ligation of 
alkoxyamine- or hydrazine- bearing cargo to proline N-termini. 
Using this approach, bifunctional proline N-terminal 
bionconjugates are constructed and proline N-terminal proteins are 
immobilized.

Protein bioconjugates are an important class of biomaterials 
that harness the exquisite and diverse biochemical properties 
of proteins in practical contexts. These unique materials have 
wide-ranging applications, including the attachment of proteins 
to surfaces,1 the study and imaging of proteins in whole cells,2 
and the delivery of cytotoxic payloads to malignant cell types.3 

Common to all protein bioconjugates is the requirement to 
maintain proper protein folding, and thus function. In order to 
achieve this, chemistries that modify proteins must be 
performed at reduced temperatures (4 – 37 ºC), in buffered 
aqueous solutions (pH 5 – 9), and with favourable kinetics so 
that large amounts of reagent are not required.4 The 
modification of nucleophilic groups in proteins relies on 
chemistries that meet these requirements. However, these 
reactions commonly suffer from poor site-selectivity, resulting 
in heterogenous products that are modified to different levels 
and in multiple sites. Notable and useful exceptions to this 
situation are modifications targeting cysteine residues and 
protein N-termini.5 

Over the years, a variety of chemical strategies have been 
developed to target chemically distinct groups site-selectively. 
One of the earliest reported chemoselective reactions for 
protein modification involves the condensation of alkoxyamines 
and hydrazines with ketone and aldehyde moieties.6 Here, 
oxidative cleavage of N-terminal serine or threonine residues 
using NaIO4 selectively installs a ketone residue on the protein’s 
N-terminus (Fig 1a, top arrow). This ketone can then be 

modified covalently using an alkoxyamine- or hydrazine-
containing reagent, producing an oxime or hydrazone linkage, 
respectively. In addition, our lab has focused on developing an 
array of pyridoxal phosphate-like reagents capable of 
transaminating a variety of N-terminal amino acids to afford the 
corresponding ketones for subsequent oxime or hydrazone 
ligation (Fig 1a, bottom arrow).7

Over the last decade, our lab has also developed a series of 
oxidative coupling reactions that site-selectively modify 
proteins.8 In these reactions, a variety of phenolic compounds 
are oxidized to o-quinoid intermediates, which readily undergo 
reaction with proline N-termini to afford site-specific and 
covalent products (Fig 1b). A key feature of this chemistry is the 
variety of conditions that can be used to access the necessary 
o-quinoid intermediates, including the oxidation of 
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Figure 1. Chemoselective oxime and hydrazone formation for 
bioconjugation reactions using endogenous N-termini. (a) N-terminal 
ketones can be formed either via an oxidative cleavage of an N-terminal 
ser or thr using sodium periodate, or via a transamination reaction 
between the native N-terminus and PLP analogues. These reactive 
ketones readily undergo condensation reactions with either alkoxyamine- 
or hydrazine-bearing cargo, to form oxime and hydrazone linkages, 
respectively. (b) Reaction of a pro N-terminus via the oxidative coupling 
results in a product bearing a single ketone. This carbonyl could 
subsequently be reacted with an alkoxyamine or hydrazine, extending 
oxime and hydrazone formation to pro N-termini.
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aminophenols and catechols using K3Fe(CN)6 and the oxidation 
of these same phenolic compounds plus methoxyphenols with 
NaIO4.8 In addition, proline N-termini are easy to install in 
recombinant proteins expressed in bacterial and mammalian 
systems. Here, endogenous methionine aminopeptidases will 
completely remove the initial N-terminal methionine residue if 
it is followed by a small amino acid, like a proline, resulting in an 
easy to install reactive handle.9 

More recently, we have shown that the enzyme tyrosinase 
from Agaricus bisporus (abTYR) can also convert catechols and 
phenols, which are far more synthetically tractable, to the same 
o-quinoid intermediates for N-terminal proline modification, as 
confirmed via protein sequencing.10 Regardless of the method 
used, all of the oxidative coupling conditions afford a proline 
covalently modified with an o-quinoid adduct.

Herein, we show that oxidative coupling at N-terminal 
proline sites installs a new ketone handle that can be used for 
subsequent condensation with alkoxyamines or hydrazines. We 
also show that this chemistry allows for the construction of 
bifunctional N-terminal bioconjugates by first installing primary 
cargo via the oxidative coupling and secondary cargo via oxime 
or hydrazone ligation, all the while remaining chemically 
orthogonal to cysteine residues. This opens the door for the 
synthesis of complex protein bioconjugates using endogenous 
amino acids as multiple reactive positions in a protein can be 
functionalized with cargo. Overall, this approach represents a 
useful two-step method for the site-selective installation of 
multiple cargo groups onto proteins using endogenous amino 
acids and further extends the applicability of multi-step protein 
bioconjugate synthesis.

Our initial studies exploring the electrophilicity of the o-
quinone-modified proline adduct showed modest conversion 
(~50%) when exposed to 10 mM benzylalkoxyamine.10 To 
increase conversion, we switched to methoxyamine, which 
more closely resembles the commonly employed alkyl 
alkoxyamines for oxime ligation. Incubation of 10 µM o-quinone 
modified pro-sfGFP with 5 mM CH3ONH2 in 50 mM pH 5.0 
phosphate buffer overnight resulted in complete conversion to 
the expected oxime product (expected MW = 27724, Fig 2, 
middle trace). To assess the impact of the oxime modification 
protocol on protein yield, a BCA assay was used to monitor 
protein concentration at each step of the reaction. Compared 
to a negative control that was simply incubated in the reaction 
buffers at each step, no appreciable protein loss due to 
modification was observed (SI Fig S1).  

As a control, a solution of 10 µM pro-sfGFP was exposed to 
the same conditions. This resulted in no modification (expected 
MW = 27575, Fig 2, top trace). The chromophore of GFP 
features a highly conjugated carbonyl that could be envisioned 
to react despite being inside the protein. This result indicates 
that it was the covalent installation of the o-quinoid adduct to 
the proline N-terminus that was necessary for oxime formation, 
and not the chromophore itself. 

We also explored the potential of the previously reported p-
phenylenediamine (pPDA) covalent catalyst to accelerate oxime 
formation on the o-quinone-modified proline N-terminus.11 We 
found that the addition of 10 mM pPDA can accelerate the 

attachment of CH3ONH2 (at 1 mM) to o-quinone-pro-sfGFP (at 
10 µM) in 50 mM pH 5.0 phosphate buffer, leading to full 
conversion in under 4 h (SI Fig S2). Once again, a control 
reaction was run on unmodified pro-sfGFP using the same 
conditions. We observed no modification in this case. Further 
studies explored oxime and hydrazone ligation in the absence 
of catalyst, but note that it could be advantageous for 
applications that require it.

The oxidative coupling reaction works best for proline 
residues at the N-terminus; although we have observed modest 
conversion with other primary amine N-termini, we do not 
recommend their use in this transformation.8 It is also 
important to note that free cysteine residues need to be 
blocked using a disulphide exchange reagent, like Ellman’s 
reagent, to prevent them from participating in the reaction. The 
protected thiol can then be deprotected using a mild reductant 
such as TCEP, as shown previously.10

Next, we sought to install hydrazine-bearing cargo onto o-
quinone-modified proline N-termini. Lucifer yellow hydrazine  
was chosen as a model substrate owing to its low price and use 
as a fluorescent probe. Employing the same conditions used 
with our oxime test reactions, we found that lucifer yellow 
hydrazine quantitatively converts o-quinone-pro-sfGFP to the 
expected hydrazone product (expected MW = 28122, Fig 2, 
bottom trace). This represents a convenient method for the 
site-selective installation of fluorophores onto proteins.

Oxime and hydrazone linkages are known to reverse under 
aqueous conditions with varying rates.12 We tested the stability 

Figure 2. Chemoselective oxime and hydrazone formtion on oxidative 
coupling-modified proline N-termini. A variety of alkoxyamine and 
hydrazine containing compounds were reacted with a 
4-methyl-o-quinone-pro N-terminus, acheiving complete conversion to 
the expected singly modified oxime or hydrazone product. Unmodified 
pro-sfGFP did not react as no ketone moiety was present on the protein. 
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of the oxime and hydrazone products formed from oxidatively-
modified proline N-termini in 20 mM phosphate buffer at pH 7.2 
for 24 h in various conditions. No apparent reversal was 
observed for the products in temperatures ranging from 4 to 37 
ºC over this time period (SI Fig S3). Oxidatively-modified proline 
N-termini had previously been shown to undergo addition with 
small molecule thiols, like reduced glutathione (GSH).10 
Interestingly, incubation of 10 mM GSH with the oxime product 
showed no such addition, although some reversal to the o-
quinone-pro-sfGFP starting material and addition into this 
electrophile were observed. The hydrazone product was 
completely stable toward 10 mM GSH and showed no reversal 
or addition (SI Fig S3).

Many applications will require removal of the tyrosinase 
enzyme from the coupling products. To facilitate this, a 2 mg/mL 
solution of abTYR was tethered through its surface exposed 
primary amines to NHS-activated sepharose.13 Initial tests 
showed that the resin-bound abTYR performed as well as it did 
in solution, with the added advantage that the bound enzyme 
could be removed readily from the oxidative coupling reactions 
using a 0.2 µm centrifugal filter (SI Fig S4 and S5). Additional 
tests showed that immobilizing the enzyme improved its 
storability, while simultaneously allowing recycling of the 
enzyme for multiple reactions (SI Fig S6). Immobilized 
tyrosinase was used for the remaining experiments described 
herein. 

To explore the protein substrate scope, we installed o-
quinoid adducts onto a variety of proline N-terminal proteins, 
including the chitin-binding domain of Pyrococcus furiosus (pro-
CBD), the commercially available enzyme aldolase (pro-Ald), 
and a recombinantly engineered variant of the tobacco mosaic 
virus bearing an N-terminal proline (pro-TMV). The resin-bound 
abTYR successfully installed the o-quinone adduct onto the 
proline N-termini in all three cases. Subsequent incubation of 
these o-quinone-modified proline N-termini with 5 mM lucifer 
yellow hydrazine afforded the desired products (SI Figure S7). 
Ortho-quinone-modified pro-CBD and pro-Ald showed 
complete conversion to the hydrazone products. Ortho-
quinone-pro-TMV showed some hydrazone formation, but 
protein degradation was observed through an unknown 
pathway. Overall, however, this approach shows promise in 
being a convenient method for N-terminal chromophore 
installation on a variety of proline N-termini.

Additionally, we verified that o-quinone-modified pro-Ald 
maintained activity after modification with methylalkoxyamine. 
NADH production was measured via its absorbance at 340 nm 
when either unmodified or oxime-modified pro-Ald was 
incubated with fructose-bisphosphate and NAD+. No 
differences in product formation were observed between the 
modified pro-Ald and unmodified control, indicating that the 
dual-modification at the proline N-terminus does not hinder 
enzymatic activity (SI Fig S8).

This two-step approach to oxime or hydrazone formation 
also represents a new way to construct bifunctional N-terminal 
proline bioconjugates. In this case, an oxidative coupling 
reaction can first be used to install a useful cargo group, while 
simultaneously introducing a ketone handle for further 

functionalization via oxime or hydrazone ligation (Fig 3a). This 
strategy is particularly amenable to modification at protein N-
termini, as these are often solvent accessible in a majority of 
proteins and therefore minimize reductions to the rate of 
bioconjugation.14 If necessary, this accessibility can be 
improved via the addition of linker groups that minimize both 
protein perturbations and steric impediments to the reaction. 
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This two-step labelling approach was demonstrated using a 
biotin-bearing o-quinone on the proline N-terminus of sfGFP. 
Site-selective protein biotinylation is a common approach for 
the immobilization of proteins onto streptavidin modified 
surfaces. When combined with site-selective chromophore-
labelling, typically on engineered thiol residues, surface-bound 
biotinylated-proteins are a convenient means to study protein 
folding and enzyme function via FRET.15 However, controlling 
both the stoichiometry and placement of both functional 
groups for such applications can be challenging. 

Using the abTYR resin and a previously reported biotin-
phenol, we successfully biotinylated the N-terminus of pro-
sfGFP (Fig 3b). The o-quinoid adduct on pro-sfGFP then 
underwent a secondary modification via oxime ligation. Using 
an alkoxyamine-PEG4-aniline, we were able to install an aniline 
moiety onto the biotinylated-proline N-terminus, converting 
biotinylated A to the expected product with near quantitative 
yield (MW = 28389, Fig 3c). In addition, biotinylated A readily 
coupled with common dyes using 5 mM of either aminooxy-
5(6)-TAMRA or lucifer yellow hydrazine and the conditions 
reported above (MW = 28520 and 28377, respectively, Fig 3c). 
Together, these results demonstrate the ease and applicability 

of this two-step method for the multistep synthesis of protein 
bioconjugates bearing multiple functional cargo molecules.   

This sequential coupling approach can also be applied for 
the immobilization of o-quinone-modified proline N-termini. To 
demonstrate this, we first converted primary amine PEGA resin 
to an alkoxyamine resin (Fig 4a). We then verified that the o-
quinoid-proline N-terminus was capable of coupling to the 
resulting polymer support. Briefly, 50 µM of o-quinone-pro-
sfGFP (OQP-sfGFP) was incubated with ~10 µL of alkoxyamine 
resin in 50 mM pH 5.0 phosphate buffer. As controls, 50 µM pro-
sfGFP was incubated with the alkoxyamine resin and 50 µM 
OQP-sfGFP was incubated with the initial primary amine PEGA 
resin. After incubation at room temperature overnight, the 
resins were washed with 20 mM pH 7.2 phosphate buffer and 
imaged with a fluorescence microscope. Covalent labelling of 
the alkoxyamine-PEGA beads was only seen when pro-sfGFP 
was previously functionalized with an o-quinone (Fig 4b). 
Together, these results represent a convenient, site-selective 
immobilization strategy for proteins. 

In this report, we have demonstrated the utility of ketone 
groups introduced onto proline N-termini in a mild manner via 
enzymatic oxidative coupling reactions. Subsequent 
modification of these groups with alkoxyamine or hydrazine-
containing compounds can be used to generate highly 
functionalized protein bioconjugates site-specifically. Overall, 
this method extends the scope of oxime and hydrazone ligation 
to include proline N-termini and furthers the examples of 
multistep synthesis for the construction of complex protein 
bioconjugates.
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