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ABSTRACT 11 

Site-selective chemical methods for protein bioconjugation have revolutionised the fields of cell and 12 

chemical biology through the development of novel protein/enzyme probes bearing fluorescent, 13 

spectroscopic or even toxic cargos. Herein we report two new methods for the bioconjugation of a-14 

oxo aldehyde handles within proteins using small molecule aniline and/or phenol probes. The ‘a-oxo-15 

Mannich’ and ‘catalyst-free aldol’ ligations both compete for the electrophilic a-oxo aldehyde which 16 

displays pH divergent reactivity proceeding through the “Mannich” pathway at acidic pH to afford 17 

bifunctionalised bioconjugates, and the “catalyst-free aldol” pathway at neutral pH to afford 18 

monofunctionalised bioconjugates. We explore the substrate scope and utility of both these 19 

bioconjugations in the construction of neoglycoproteins, in the process formulating a mechanistic 20 

rationale for how both pathways intersect with each other at different reaction pH.  21 

 22 

INTRODUCTION 23 

Methods to site-selectively adorn biomolecules with small molecules is of major interest within the 24 

field of chemical biology as modification with functional moieties can vastly enhance their properties.1-25 

2 For example, bioconjugation of compounds such as polyethyleneglycol can improve the half-life of 26 

protein probes and therapeutics,3-4 whilst ligation of fluorescent/spectroscopic probes has been 27 

utilised for in vivo imaging and tracking of proteins, carbohydrates and DNA.5-9 Furthermore the ability 28 

to chemically generate proteins bearing ‘mimics’ of post-translational modifications such as 29 

glycosylation,10-15 has armed biologists with tools to study modified proteins that may be otherwise 30 

challenging to obtain using standard recombinant expression techniques.  31 

However, the development of new methods in this field has relied heavily on the modification 32 

of a small number of amino acid residues which are surface exposed or in low natural abundance,16-26 33 

or well-studied unnatural azide, alkyne or olefin handles.27-30 Alternatively, non-proteinogenic 34 

aldehyde chemical handles which have also been incorporated into biomolecule scaffolds31 are 35 

relatively underexplored in comparison. In particular, a-oxo aldehydes,32 which can now be routinely 36 



incorporated site-selectively at both N-terminal and internal positions within proteins33-35 and offer 37 

great potential for the development of novel bioconjugations due to their uniquely electrophilic 38 

nature. Although recent studies have shown these a-oxo aldehydes are reactive in C-C ligations,36-37 39 

much of the work in this field has been focussed on the synthesis of heteroatom linked thiazolidine,38 40 

oxime and hydrazone bioconjugates from aldehyde precursors.39-41 These transformations have 41 

principally employed anilines as organocatalysts leading to large increases in reaction rates at neutral 42 

pH or below.42-46 This acceleration is facilitated by the ability of the aniline to rapidly react with the 43 

aldehyde under physiological conditions and form a more reactive Schiff base, which is then attacked 44 

by a reactive a-effect nucleophile resulting in the expulsion of the aniline catalyst in an example of 45 

trans-imination. Prior to this widespread application of anilines as organocatalysts in bioconjugations 46 

however, pioneering studies by Francis and co-workers demonstrated anilines could also be 47 

incorporated into protein bioconjugates by exploiting exposed tyrosine residues as nucleophiles to 48 

trap small molecule Schiff bases in a “three-component Mannich” reaction.47 Although powerful in its 49 

ability to generate useful multicomponent products this Mannich transformation has been 50 

underutilised since its discovery and is potentially limited by lack of site-selectivity due to the 51 

abundance of exposed phenolic tyrosine residues within proteins. To overcome this issue, in this study 52 

we explored whether proteins bearing site-selectively installed a-oxo aldehyde handles could act as 53 

electrophilic scaffolds for novel a-oxo-Mannich bioconjugations wherein the aniline and the phenol 54 

components are both small molecules. Herein, not only do we describe the realisation of this approach 55 

in the development of multicomponent a-oxo-Mannich ligations on proteins, but also a divergence in 56 

the reactivity of a-oxo aldehydes in the presence of anilines and phenols at different pH (Fig. 1). 57 

Notably at acidic pH a-oxo aldehydes react as anticipated to through a “Mannich” pathway to afford 58 

bifunctionalised bioconjugates, but at neutral pH we demonstrate phenols react directly with a-oxo 59 

Fig. 1 pH dependant a-oxo-Mannich and catalyst-free aldol bioconjugation of protein a-oxo aldehydes using 

anilines and phenols.  



aldehydes in a rapid “catalyst-free aldol” pathway to afford monofunctionalised bioconjugates. We 60 

use model peptides and proteins to explore the substrate scope and utility of both these 61 

bioconjugations and in the process formulate a mechanistic rationale for how both pathways compete 62 

and intersect with each other depending on reaction pH. 63 

 64 

RESULTS 65 

Peptide feasibility studies 66 

We investigated the feasibility of the proposed a-oxo-Mannich bioconjugation using a model peptide 67 

α-oxo-aldehyde-VARLG 1 that lacked tyrosine residues. Reactions were assembled with α-oxo-68 

aldehyde-VARLG 1, commercially available aniline 2 and substituted 4-methoxy phenol 3 or 3,5-69 

dimethoxy phenol 4 in phosphate buffer (PB) at pH 6.5 (Fig. 2a) to replicate conditions previously 70 

reported for Mannich reactions on tyrosine residues in proteins.48-49 Relative conversion to the 71 

anticipated a-oxo-Mannich products 5 and 6 were assessed by LC-MS analysis. Pleasingly the 72 

anticipated a-oxo-Mannich products were observed in both reactions and these were validated by 73 

MS/MS analysis (Fig. S5-S6 and S8). However, only 12% relative conversion to a-oxo-Mannich product 74 

5 was observed in the reaction with 4-methoxy phenol 3 with a significant quantity of starting material 75 

1 remaining suggesting that the conditions required significant optimisation. Additionally, in the 76 

reaction with the more electron rich 3,5-dimethoxy phenol 4, a significant amount of an unanticipated 77 

species 7 at 725.43 m/z was observed alongside a-oxo-Mannich product 6. Interestingly, the m/z value 78 

of the unanticipated species 7 corresponds to the mass of α-oxo-aldehyde-VARLG 1 + the mass of 79 

phenol 4 (+1 Da for [M+H]+). Subsequent MS/MS analysis of species 7 yielded a fragmentation pattern 80 

similar to that described for aldol-modified peptides,37 with the modification identified at the N-81 

terminus and a highly intense peak of species -18 Da, which upon fragmentation yielded x/y/z 82 

fragments corresponding to the “VARLG” peptide (Fig. 2b, Fig. S9-S10). As modifications of small 83 

molecule aldehydes50 and other protein electrophiles51 have previously been reported under aqueous 84 

conditions using phenol reagents proposed to act as enolate equivalents, we hypothesised that phenol 85 

4 may be participating as a preformed enol equivalent in a direct aldol-type conjugation with α-oxo-86 

aldehyde VARLG 1. To validate this hypothesis, α-oxo-aldehyde VARLG 1 was incubated with different 87 

concentrations of phenol 4 in PB at pH 6.5 for 24 h in the absence of aniline and 95% relative 88 

conversion to the anticipated aldol product 7 was observed using only 1 molar equiv. of phenol, with 89 

complete conversion achieved using 5 molar equiv. (Fig. S13). We anticipated a ‘catalyst-free aldol’ 90 

bioconjugation of this type might be of significant interest in the field due to the simplicity of the 91 

phenol probe and were intrigued to note, perhaps unsurprisingly, that precedent for such reactivity 92 

already exists in the study of reactive a-oxo aldehydes in vivo. These include highly electrophilic 93 



glyoxal, methyl glyoxal and 2-deoxyglucosone which are produced endogenously by glycolysis52-53 or 94 

exogenously by the Maillard reaction between sugars and amino acids in foods and can react non-95 

enzymatically with nucleophilic amino residues in proteins.54 The resulting modified proteins are 96 

known as advanced glycation end products (AGEs) and their build up is associated with diabetic 97 

complications and a number of other age-related pathologies,55-57 however AGE formation can be 98 

reduced by polyphenols including catechins and theaflavins present in green and black teas,58-60 which 99 

have been demonstrated to trap these reactive a-oxo-aldehydes in aldol-type reactions under 100 

physiological conditions60-62 akin to those employed here. Notably the substitution was unequivocally 101 

proven to occur between a phenol and alkoxy substituent54 (connectivity depicted in 7, Fig. 2b, and 102 

adopted from herein), and reinforces the reactivity we observe here using 3,5-dimethoxy phenol 4 103 

and the a-oxo aldehyde peptide 1. 104 

Controlling reaction pathways through pH 105 

Having established that both an a-oxo-Mannich and a catalyst-free aldol bioconjugation were taking 106 

place simultaneously at the a-oxo aldehyde centre in pH 6.5 buffer when using both phenol 4 and 107 
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Fig. 2 a) Outline of reaction of α-oxo-aldehyde-VARLG 1 with aniline 2 and phenol 3 or 4, formation of a mixture 

of stereoisomers is likely and therefore stereochemistry is omitted for clarity here and throughout. Calculated 

[M+H]+ of product 5 = 814.44 Da. Calculated [M+H]+ of product 6 = 844.45 Da. Inset: LC-MS spectra of the reaction 

products. b) MS2 spectrum of phenol peptide product 7. The connectivity between phenol 4 and aldehyde 1 is 

predicted on the basis of precedent established in the reaction between methyl glyoxal and catechins and used 

from hereon. PB = phosphate buffer. 

 



aniline 2 as reactants, we set out to determine whether the progress through each reaction pathway 108 

could be controlled by changing the pH. The three-component Mannich bioconjugation was previously 109 

reported to have an optimal reactivity observed at pH 5.5-6.5 and poor reactivity observed above pH 110 

8,47 with a cyclic transition state proposed at pH 6.5 which simultaneously activated both the 111 

electrophilic imine and the nucleophilic phenol.47 On peptides however Mannich reactions have also 112 

been reported to proceed over a much wider pH range, with reactions proceeding at a pH as low as 113 

2.63 Conversely a phenol is more likely to react as a nucleophilic enolate/enol equivalent in a catalyst 114 

free-aldol bioconjugation at more basic pH.50-51, 64 We therefore opted to incubate the a-oxo aldehyde-115 

VARLG 1, aniline 2 (20 equiv.), and phenol 4 (5 equiv.) for 24 h at 37 °C in buffer, at both pH 4.5 and 116 

pH 7.5 (Fig. 3). Notably at pH 4.5, the modified a-oxo-Mannich species 6 was now formed as the major 117 

product with the aldol species 7 the minor byproduct in a reversal of what was previously observed at 118 

pH 6.5 (Fig. 1a), indicating the anticipated preference for the a-oxo-Mannich pathway at more acidic 119 

pH. While at pH 7.5 the aldol product 7 was formed almost exclusively, with only trace a-oxo-Mannich 120 

product formed, indicating a preference for the aldol pathway at more basic pH. This observation was 121 

further supported when the catalyst-free aldol was again performed in the absence of aniline, with 122 

60% relative conversion to aldol product 7 observed at pH 4.5 and complete conversion observed at 123 

pH 7.5 (Fig. S14). Thus screening the same reaction mixture at different pH had enabled us to identify 124 

two novel bioconjugations strategies- a modified a-oxo-Mannich ligation which has the potential to 125 

afford dual functionalised proteins in a single transformation, and a catalyst-free aldol ligation which 126 

has the potential to afford monofunctional bioconjugates at mild neutral pH.  127 

 128 

 129 

Fig. 3 Outline of reaction of α-oxo-aldehyde-VARLG 1 with aniline 2 and phenol 4 at pH 4.5 or pH 7.5. Inset: LC-

MS spectra of the reaction products. Calculated [M+H]+ of product 7 = 725.38 Da. Calculated [M+H]+ of product 

6 = 844.45 Da.  
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Screening differentially substituted anilines for the a-oxo-Mannich bioconjugation 130 

Next we set out to optimise the conversion of the modified-a-oxo-Mannich at pH 4.5 using phenol 4 131 

(Fig. 4) by screening a range of differentially substituted anilines 8-21. Reactions were performed in 132 

duplicate using the a-oxo aldehyde peptide 1 and afforded either starting material 1 (orange in the 133 

bar chart), catalyst-free aldol product 7 (green), or a-oxo-Mannich product 22 (blue). Notably 134 

changing the nature of the aniline significantly affected the balance of the reaction at pH 4.5 and 135 

dictated whether the catalyst-free aldol or the a-oxo-Mannich reaction pathway was followed. For 136 

example, in the presence of electron poor anilines such as 4-nitroaniline 8 no a-oxo-Mannich product 137 

is observed with small amounts of unreacted peptide and aldol product dominating. This was also the 138 

case for anilines 9 and 10 which were substituted with electron withdrawing groups at the ortho 139 

position, wherein conversions to aldol product 22 were similar to that observed for the negative 140 

control [absence of an aniline (-)]. In contrast more basic anilines such as 16-21 which lack electron 141 

withdrawing groups and have pKa values in the 4-5.5 range afforded mostly a-oxo-Mannich product 142 

22, with 4-methoxyaniline 21 performing best with ~90% relative conversion. As previously noted 143 

anilines have been extensively used as nucleophilic organocatalysts in hydrazone/oxime 144 

bioconjugations of aldehydes in aqueous conditions,39, 46  where the bioconjugations proceed via 145 

attack on a protonated aniline Schiff base intermediate65-66 akin to that expected to form during an a-146 

Fig. 4 Outline of the a-oxo-Mannich bioconjugation of α-oxo-aldehyde-VARLG 1 (orange in the bar chart) with 

anilines 8-21 and phenol 4 at pH 4.5, to afford a-oxo-Mannich product 22 (blue) or catalyst-free aldol product   

7 (green). 
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oxo-Mannich reaction mechanism.65 The most effective of these aniline organocatalysts studied often 147 

have a more basic pKa, closer to the pH of the reaction mixture, as this promotes protonation of the 148 

aniline Schiff base thus making it more electrophilic. It is therefore unsurprising that at pH 4.5, 4-149 

ethylaniline 18 (pKa ~5.1), aniline 16 (pKa ~4.6),65 and 4-methoxyaniline 21 (pKa 5.3)65 afford mostly 150 

a-oxo-Mannich product. However, 2,4,6-trimethylaniline 11 (pKa ~4.4) affords little a-oxo-Mannich 151 

product with aldol product predominating, indicating the situation is likely governed by the interplay 152 

between both steric and electronic factors. Overall higher a-oxo-Mannich conversions were observed 153 

with electron rich anilines which presumably form more stable Schiff base intermediates. Indeed when 154 

comparing the equilibrium LCMS conversion to Schiff base intermediates upon incubation of the a-155 

oxo peptide 1 with either 4-nitroaniline 8, 2,4,6-trimethylaniline 11, 3,5-dimethylaniline 13, aniline 16 156 

or 4-ethylaniline 18 at pH 4.5, a clear trend between higher conversion to the Schiff base and higher 157 

a-oxo-Mannich conversion was observed (Fig. S15). Notably an identical aniline screen at pH 7.5 158 

afforded negligible a-oxo-Mannich conversions, and aldol conversions of >90% with all anilines (Fig. 159 

S16).  160 

Site-selective N-terminal and internal a-oxo-Mannich bioconjugation for neoglycoprotein synthesis 161 

Following optimisation studies on peptides we opted to utilise the a-oxo-Mannich procedure for the 162 

bioconjugations of proteins. Having established that 4-ethylaniline 18 afforded high conversion to the 163 

a-oxo-Mannich products we employed this aniline in combination with phenol 4 for the 164 

bioconjugation of the nanobody JVZ007, bearing an N-terminal a-oxo aldehyde easily accessed via 165 

rapid NaIO4 oxidation of an N-terminal serine or threonine residue37 or transamination of an N-166 

terminal glycine.67 JVZ007 binds specifically to the prostate specific membrane antigen (PSMA) 167 

overexpressed on prostate cancer cell surfaces,68 and was successfully modified at pH 4.5 to afford 168 

the a-oxo-Mannich product  in 68% conversion (Fig. S21), with 32% conversion to the aldol product 169 

23. As 4-methoxyaniline 21 afforded highest relative conversions to the a-oxo-Mannich product on 170 

the peptide we also synthesised a comparable para-derivatised aniline 24 bearing an a-D-mannose 171 

sugar. This sugar has potential therapeutic utility against urinary tract infections as an inhibitor of 172 

FimH, the type-one pilus subunit on the surface of uropathogenic E. coli responsible for adhesion to 173 

the urothelium.69 The N-terminal a-oxo aldehyde JVZ007 could also be modified using this mannose 174 

derivatised aniline 24 to afford a neoglycoprotein 25, affording  64% a-oxo-Mannich product  and 36% 175 

conversion to the aldol product 23( Fig. 5a and b). 176 



  177 

We next demonstrated that the a-oxo-Mannich could be also utilised to site-selectively modify an a-178 

oxo aldehyde incorporated at an internal site within superfolder green fluorescent protein (sfGFP). 179 

The aldehyde was quantitatively installed at position 150 of sfGFP using a biocompatible Pd-mediated 180 

decaging (1 equiv. for 1 h at neutral pH) of an incorporated unnatural thiazolidine-lysine (ThzK) amino 181 

acid in sfGFP-N150ThzK 26 (Fig. 5c), recently developed in our lab.35, 37 The resulting ‘decaged’ internal 182 

aldehyde within sfGFP-N150a-oxoK 27 was then functionalised via the a-oxo-Mannich using mannose 183 

aniline 24 and 3,5-dimethoxy phenol 4 to afford an internally modified mannose neoglycoprotein 28. 184 

Although we observed marginally higher conversion to this a-oxo-Mannich neoglycoprotein 28 at pH 185 

4.5 over pH 5.5, we also noted a 4-fold decrease in sfGFP fluorescence observed following incubation 186 

at pH 4.5 (Fig. S23) compared to pH 7.4. However incubation at pH 5.5 only resulted in a 1.6-fold 187 

Fig. 5 a) Neoglycoprotein product 25 of the a-oxo-Mannich bioconjugation of JVZ007 (bearing an N-terminal a-

oxo aldehyde) with phenol 4 and mannose aniline 24. b) Deconvoluted LC-MS spectra showing the a-oxo-

Mannich bioconjugation products. Aldol modified JVZ007 23 calc. 12247, a-oxo-Mannich modified JVZ007 25 

calc. 12500. c) Outline of a two-step internal site-selective Pd-mediated decaging/a-oxo-Mannich 

bioconjugation to afford sfGFP neoglycoprotein 28. Pd-mediated decaging of sfGFP-N150ThzK 26, was followed 

by a-oxo-Mannich of sfGFP-N150a-oxo 27 (50 µM) with phenol 4 (125 equiv.), and mannose aniline 24 (300 

equiv.) at pH 5.5 for 20 h. d) Left panel: SDS-PAGE analysis of the reaction. Mw) molecular weight ladder, 1) a-

oxo-Mannich bioconjugation, 2) no aniline negative control, 3) no phenol negative control. Right panel: 

Concanavalin A lectin blot analysis of the reaction. 1) a-oxo-Mannich bioconjugation, 2) no aniline negative 

control, 3) no phenol negative control. 
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decrease in sfGFP fluorescence, indicating that the a-oxo-Mannich biconjugation is still a suitable 188 

method for yielding a site-selectively modified biologically functional sfGFP, despite its sensitivity to 189 

acidic pH.70 The integrity and accessibility of the mannose aniline on the sfGFP neoglycoprotein surface 190 

was further confirmed in a lectin blot using a glycan binding Concanavalin A- Horseradish peroxidase 191 

(HRP) conjugate71 (Fig. 5d right panel, lane 1), with no modification observed in the absence of the 192 

mannose aniline 24 (Fig. 5d, right panel, lane 2), or the 3,5-dimethoxy phenol 4 (Fig. 5d, right panel, 193 

lane 3). 194 

Optimising mannose neoglycoprotein synthesis 195 

Although the a-oxo-Mannich bioconjugation enabled the construction of neoglycoproteins on both 196 

JVZ007 and internally on sfGFP using mannose aniline 24, competing formation of the catalyst free 197 

aldol product limited conversion to the a-oxo-Mannich product in 20 h reactions, particularly in the 198 

case of sfGFP (30% conversion to a-oxo-Mannich, 70% catalyst free aldol at pH 4.5, Fig. S25). Having 199 

established both the optimal aniline scaffold and pH for the a-oxo-Mannich bioconjugation, we 200 

therefore sought to increase reaction conversions through further optimisation of reaction conditions. 201 

As we anticipated the bioconjugation would proceed through attack on a protonated aniline Schiff 202 

base intermediate,65-66 vide supra, we speculated that an increase in the concentration of aniline used 203 

in the reaction may also drive formation of the a-oxo-Mannich product over the catalyst free aldol 204 

product. To investigate the effect of increasing aniline concentration we utilised the Hydrophilic 205 

Acylated Surface Protein A (HASPA) from Leishmania, a highly immunogenic protein which is present 206 

in all human infective Leishmania parasites and a member of the HASP family of proteins which form 207 

the basis of a visceral leishmaniasis vaccine currently undergoing clinical trials in humans.72 N-terminal 208 

a-oxo aldehyde HASPA37 29 was incubated at pH 4.5 for 20 h with 125 equiv. of 3,5-dimethoxy phenol 209 

4 and an increasing concentration of mannose aniline 24 (75-1000 equiv., Fig. 6a). Using electrospray 210 

ionisation Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICR MS)73 we were 211 

able to resolve MS peaks for a-oxo aldehyde HASPA starting material 29, catalyst free aldol product 212 

30, and the a-oxo-Mannich HASPA product 31, enabling accurate determination of relative 213 

conversion. In control reactions (Fig. 6b) lacking 3,5-dimethoxy phenol 4 or using a HASPA lacking an 214 

a-oxo aldehyde (non-oxidised) no modification occurs, while in the absence of the mannose aniline 215 

24 the catalyst free aldol product 30 is predominantly observed. However, upon the inclusion of 75 216 

equiv. of aniline 24 (Fig. 6c) a 53% relative conversion to a-oxo-Mannich product 31 is observed and 217 

increases to 58% when the aniline is doubled to 150 equiv., with only 38% relative conversion to 218 

catalyst free aldol product 30 observed. This trend continues as the mannose aniline 24 equiv. are 219 

increased further (Fig. 6d), with 60% relative to conversion to a-oxo-Mannich 31 and 38% conversion 220 

to catalyst free aldol product 30 observed at 300 equiv., and 75% relative conversion to a-oxo-221 



Mannich product 31 when using 1000 equiv. of aniline 24. These results reinforce the notion that 222 

increased formation of the Schiff base affords higher relative conversion to the a-oxo-Mannich 223 

product over the catalyst free aldol product. 224 

We also noted the effect of reaction time on product formation by comparing the relative conversions 225 

of a-oxo aldehyde HASPA 29 using 125 equiv. of 3,5-dimethoxy phenol 4 and 300 equiv. of mannose 226 

aniline 24 at pH 4.5 after 20 h and 6 h (Fig. S32-S33). Unexpectedly we observed a higher 90% relative 227 

conversion to a-oxo-Mannich product 31 (with ~8% catalyst free aldol product 30) if the reaction was 228 

stopped at 6 h rather than after 20 h (60% a-oxo-Mannich product 31; 34% catalyst free aldol product 229 

30). This trend was also conserved in the bioconjugation of the internal a-oxo aldehyde sfGFP 27 (Fig. 230 

S28) with higher conversions to a-oxo-Mannich product 28 observed when the reaction was stopped 231 

at 6 h, as opposed to 20 h. As the decrease in a-oxo-Mannich product between 6 h and 20 h was 232 

accompanied by an increase in catalyst free aldol product, we hypothesised that the a-oxo-Mannich 233 

product may be breaking down to the catalyst free aldol product down through the release of aniline 234 

Fig. 6 Outline of the optimisation of the a-oxo-Mannich bioconjugation of Leishmania HASPA 33 (50 µM) at pH 

4.5 for 20 h with phenol 4 (125 equiv.) and mannose aniline 24 (75-1000 equiv.) to afford HASPA neoglycoprotein 

31. Deconvoluted ESI-FTICR MS of reaction mixture with b) a no aniline or phenol probes, b no phenol 4, c no 

mannose aniline 24, d using non-oxidised Leishmania HASPA; c) e phenol 4 (125 equiv.) and mannose aniline 24 

(75 equiv.), f phenol 4 (125 equiv.) and mannose aniline 24 (100 equiv.), g phenol 4 (125 equiv.) and mannose 

aniline 24 (150 equiv.); d) h phenol 4 (125 equiv.) and mannose aniline 24 (200 equiv.), i phenol 4 (125 equiv.) 

and mannose aniline 24 (300 equiv.), j phenol 4 (125 equiv.) and mannose aniline 24 (500 equiv.), k phenol 4 

(125 equiv.) and mannose aniline 24 (1000 equiv.). 
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at pH 4.5. To validate this hypothesis we tested the stability of the a-oxo-Mannich products formed 235 

from 3,5-dimethoxy phenol 4 and 4-ethylaniline 18 on both the JVZ007 and HASPA proteins (50 µM 236 

protein concentration) in 0.1 M NaOAc at pH 4.5. Notably, in the absence of any excess aniline in the 237 

reaction mixture we observed complete breakdown of both the JVZ007 and HASPA a-oxo-Mannich 238 

products to the catalyst free aldol product within 6 h at acidic pH (Fig. S34-S36), indicating that to 239 

achieve optimal conversions to a-oxo-Mannich product it is preferable to use an excess of aniline 240 

probe over a shorter reaction time.  241 

 242 

Optimising the catalyst-free aldol bioconjugation 243 

Although competing formation and/or breakdown to the aldol product when attempting to perform 244 

multicomponent bioconjugations using the a-oxo-Mannich was problematic, this highlighted the 245 

potential utility of the catalyst-free aldol as a standalone bioconjugation capable of producing 246 

monofunctionalised bioconjugates. From our initial experiments with a-oxo aldehyde VARLG 1 at pH 247 

6.5 using both 3,5-dimethoxy phenol 4 and 4-methoxy phenol 3 (Fig. 2) it was clear that the both 248 

compounds show significantly different reactivity towards ligation with the peptide. These results 249 

suggested that the substitution on the aromatic ring may impact the efficiency of the catalyst-free 250 

aldol bioconjugation. Therefore, to dissect the intricacies of the ligation, a further series of small 251 

molecule aromatic probes 32-37 were screened for their activity in modification of a-oxo aldehyde 252 

VARLG 1 (Figure 7). Using a 5-fold excess of probe over peptide at pH 7.5 we noted that when using 253 

electron rich aromatics which lacked a phenol substituent such as 1,3,5-trimethoxybenzene 32 and 254 

1,3-dimethoxybenzene 35, no bioconjugation occurred but when the phenol substituent(s) were 255 

reintroduced as in 3,5-dimethoxy phenol 4 or 1,3-resourcinol 35 complete relative conversion to the 256 

catalyst-free aldol VARLG product 38 was observed. This confirmed that the presence of the phenol 257 

group is essential for conversion, akin to the observations previously made in bioconjugations 258 

between electron rich aromatics and electrophilic selenocysteine residues,51 and reinforcing the 259 

hypothesis that the phenol may act as an enol/enolate equivalents as has previously been reported in 260 

reaction with aldehydes in water.50 When less electron rich dimethyl phenol 37 is used formation of 261 

the aldol product 38 is observed but at much lower relative conversion, and when an electron 262 

withdrawing ortho carboxylic acid is introduced in phenol 34 no conversion is observed. However on 263 

the introduction of a second phenol in to this scaffold in the case of diphenol 36 49% conversion to 264 

the catalyst free aldol product 38 is observed suggesting that an intramolecular hydrogen bond 265 



between the phenol and adjacent carbonyl in 34 may interfere with the bioconjugation, but can be  266 

compensated for by the introduction of another phenol elsewhere in the aromatic ring.  267 

Catalyst-free aldol bioconjugation of proteins 268 

Subsequently we demonstrated the catalyst-free aldol bioconjugation using 3,5-dimethoxy phenol 269 

probe 4 was also operative on proteins bearing a-oxo aldehyde residues, including myoglobin 39,67 270 

Leishmania HASPA 29, and JVZ007 40 (Fig. 8a-c), with complete conversion to the aldol products 271 

observed within 1 h. However, to be of practical utility as a bioconjugation reaction the catalyst-free 272 

aldol would need to also be operative using modified phenol probes, thus enabling the introduction 273 

of new non-proteinogenic functionality into the protein target. We therefore synthesized a 1,3-274 

resourcinol capped probe 43 containing a dansyl tag to enable the fluorescent labeling of a protein 275 

using the catalyst free aldol and screened increasing equivalents of this probe in the reaction with the 276 

HASPA protein 31 (Fig. 8d). SDS-PAGE74 and LC-MS analysis confirmed successful fluorescent 277 

modification of HASPA 29 when using >100 equiv. of probe thus demonstrating that simple phenol 278 

scaffolds can be used as the basis of complex functional probes for bioconjugation. 279 

Fig. 7 Outline of the catalyst-free aldol reaction of α-oxo-aldehyde-VARLG 1 (1 mM) with aromatics 4, 32-37 (5 

equiv.) at pH 7.5 for 24 h, demonstrating increased conversion to aldol product 38 upon the introduction of 

phenol substituents in the aromatic ring.  
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   280 

We also considered whether natural products containing phenols such as flavonoids, which have been 281 

shown to capture methyl glyoxal in water,59-62 may also be capable of undergoing catalyst-free aldol 282 

ligation to proteins. We thus screened the plant secondary metabolite catechin 45 in reactions with 283 

the prostate cancer targeting nanobody 40 at pH 7.5 and observed full conversion to the aldol product 284 

48 within 1 h (Fig. 9a). Additionally, we showed that the glucose bearing flavonoid phloridzin 47, which 285 

is a competitive inhibitor of sodium-glucose cotransporter (SLGTs), was also capable of modifying the 286 

nanobody 40 to afford an aldol product 48 at pH 7.5 within 4 h (Fig. 9b). Once again the accessibility 287 

Fig. 8 Catalyst-free aldol reactions using phenol 4 on a-oxo aldehyde bearing proteins a) myoglobin 39, b) 

Leishmania HASPA 29, and c) JVZ007 40. Inset right: Deconvoluted LC-MS analysis of the respective reaction 

products.  d) Catalyst-free aldol reaction of Leishmania HASPA 29 with fluorescent phenol 43. Inset right: 

Deconvoluted LC-MS analysis of the reaction products. d) Inset below: SDS-PAGE analysis of the reaction with 

coomassie staining (left panel) and fluorescent visualization (right panel): 1) 50 equiv. 43; 2) 100 equiv. 43; 3) 

250 equiv. 43; 4) No probe 43 control; 5) Non-oxidised HASPA + 43 control. Substitution in 44 may occur 

ortho/ortho to both phenol substituents or ortho/para. HAPSA migrates aberrantly on SDS-PAGE due to its 

hydrophilicity73 and migration is affected by bioconjugation.37 
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of the glycan on the neoglycoprotein 48 surface was confirmed in a lectin blot using ConA-HRP (Fig. 288 

9c). Notably SLGTs are functionally expressed in (prostate) cancer cells75 to meet the increased 289 

metabolic demands for glucose in tumours76 and therapeutic blockade with SLGT inhibitors can 290 

therefore lead to tumour necrosis.77 However the therapeutic use of phlordizin is limited because as 291 

a potential treatment for type-2 diabetes it also non-selectivity targets SLGTs in the intestine and the 292 

kidney,78 and additionally has poor oral bioavailability79 due to glycoside hydrolysis by b-galactosidase 293 

enzymes such as lactase. Our demonstration that phloridzin can easily undergo bioconjugation to a 294 

protein scaffold could therefore stimulate further studies into whether such constructs may have 295 

enhanced stability to glycosidases, and enhanced selectivity for inhibition of tumour SLGTs via 296 

antibody targeted delivery. 297 

 298 

Mechanistic hypothesis and catalyst-free aldol bioconjugate stability 299 

Based on the aforementioned experimental observations we formulated a mechanistic pathway (Fig. 300 

10) for the formation of both the Mannich and aldol products and propose the a-oxo-Mannich 301 

bioconjugation initially proceeds through the formation of the protonated aniline Schiff base 302 

intermediate 49. It is likely the equilibrium concentration of this intermediate in pH 4.5 buffer is 303 

governed by both the concentration of aniline present in the reaction mixture (see Fig. 6), and the 304 

Fig. 9 Catalyst-free aldol bioconjugation of a-oxo aldehyde bearing JVZ007 40 with a) catechin 45 and b) 

phloridzin 47. Inset right: Deconvoluted LC-MS analysis of the respective reaction products. Catechin modified 

JVZ007 48 calc. 12383; phloridzin modified JVZ007 48 calc. 12529. Substitution in 46 and 48 is predicted on the 

basis of precedent established in the reaction between methyl glyoxal and catechins,54 notably substitution in 

48 may occur para or ortho to the glucose substituents. c) Concanavalin A lectin blot of 1) a-oxo JVZ007 40, 1.5 

µg/mL; 2) phloridzin modified JVZ007 48, 0.5 µg/mL; 3) phloridzin modified JVZ007 48, 1 µg/mL; 4) phloridzin 

modified JVZ007 48, 1.5 µg/mL. 
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electron donating ability of the aniline (see Fig. 4). The Schiff base 49 then undergoes attack by the 305 

phenol to generate the a-oxo-Mannich product 50. The competing catalyst-free aldol bioconjugation 306 

can also take place at pH 4.5 (and pH 7.5) and we propose the product 51 results from a direct aldol-307 

type attack of the phenol on the a-oxo aldehyde 52, wherein the phenol substituent is essential for 308 

conversion (see Fig. 7). We also observed that the a-oxo-Mannich product 50 undergoes breakdown 309 

to the catalyst-free aldol product at pH 4.5 within 6 h and hypothesise this occurs via the intermediate 310 

carbocation 53 which can be trapped by water to afford product 51, or alternatively excess phenol to 311 

afford 54 which was identified as a minor byproduct. To confirm that the a-oxo-Mannich product 50 312 

was formed via the Schiff base 49 and not by aniline attack on carbocation 53 following an initial 313 

catalyst-free aldol reaction, we also incubated purified VARLG-aldol product 7 with mannose aniline 314 

24 in pH 4.5 buffer for 20 h, and observed no conversion from aldol to a-oxo-Mannich product over 315 

the course of the reaction (Fig. S49), unequivocally demonstrating that Mannich product formation 316 

does not result from initial aldol product formation. This may be because under the conditions of the 317 

reaction the (protonated) aniline nucleophile is unable to outcompete water in attack on carbocation 318 

53. In the absence of aniline the catalyst-free aldol reaction proceeds at pH 4.5 but more efficiently at 319 

pH 7.5 (Fig. S14) to afford the aldol bioconjugate within as little as 1 h. However, when we tested the 320 

stability of the aldol bioconjugates by re-incubating purified JVZ007-aldol bioconjugate 23 in buffer at 321 

50 µM concentration, we were surprised to observe that while the conjugate was stable at pH 4.5, at 322 

pH 7.5 breakdown to the JVZ007 a-oxo aldehyde starting material 40 (~32%) occurred within 6 h (Fig. 323 

S51). As it is well established that the redox potential of phenols with adjacent proton acceptors are 324 

lower than that of simple phenols,80 we hypothesised this breakdown (depicted in Fig 10 as 51 to 53) 325 

may result from an initial one-electron oxidation of the electron rich phenol component of the aldol 326 

product facilitated by intramolecular H-bonding interactions at pH 7.5. Indeed the ubiquitous enzyme 327 

complex Photosystem II contains a TyrZ-His190 hydrogen bonding pair in its reaction centre which 328 

undergoes facile proton-coupled electron transfer (PCET) resulting in the generation of a neutral 329 

phenolic radical,81 and a number of biomimetic models of this system have been constructed82-83 330 

which resemble elements of the aldol products described here. Notably these models have been 331 

shown to undergo facile concerted one-electron two-proton transfer processes. Therefore to explore 332 

whether a one-electron oxidation may trigger breakdown we re-screened the stability of JVZ007-aldol 333 

bioconjugate 23 at pH 7.5 in the presence of antioxidant sodium ascorbate.84 Whilst breakdown of the 334 

aldol bioconjugate 23 to JVZ007 a-oxo aldehyde 40 was still observed in the presence of 1 mM 335 

ascorbate, at a higher concentration of 6 mM the aldol bioconjugate 23 appeared to show reduced 336 

breakdown over 6h (Fig. S52). Although electrochemical, spectroscopic and DFT studies will be 337 



undoubtedly be required to unequivocally prove the hypothesised mechanism, this result tentatively 338 

suggests the aldol product may be unstable at low concentrations as a result of phenol oxidation.  339 

 340 

CONCLUSIONS 341 

In conclusion we have developed two novel bioconjugation reactions using an a-oxo aldehyde handle 342 

that can be site-selectively installed into biomolecules. In the presence of both phenol and aniline 343 

nucleophiles the a-oxo-Mannich and catalyst-free aldol bioconjugations compete with each other for 344 

this unique electrophile, but through judicious choice of pH, substrates, and optimisation of reaction 345 

conditions formation of the multicomponent a-oxo-Mannich products can be favoured. We also 346 

demonstrated that the Mannich products breakdown to afford the catalyst-free aldol product at both 347 

neutral and acidic pH. However, the rate of this breakdown reaction is likely governed by both the 348 

electron donating ability of the phenol and the basicity of the aniline, potentially providing a tuneable 349 

scaffold for the controllable release of small molecule cargo from a protein delivery system in future 350 

studies. 351 

Fig. 10 Proposed mechanistic rationale for formation and breakdown of both the a-oxo-Mannich product 50 

and the catalyst-free aldol product 51. 
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 In the absence of aniline, phenols react cleanly and rapidly with a-oxo aldehyde containing 352 

proteins at pH 7.5, akin to reactivity previously observed in the sequestration of AGE precursors 353 

glyoxal and methyl glyoxal by green/black tea polyphenols. Intriguingly however, when our catalyst-354 

free aldol bioconjugate was incubated in the absence of the electron rich phenol 4, we observed 355 

breakdown to the a-oxo aldehyde starting material at pH 7.5, but none at pH 4.5. This process may 356 

be a result of one-electron oxidation of the phenol and highlights a need to revisit the study of tea 357 

polyphenol sequestrations of reactive a-oxo aldehydes in vitro and in vivo, particularly the stability of 358 

the conjugates in the absence of polyphenol. Additionally, the instability observed for both the aldol 359 

and a-oxo-Mannich bioconjugates may limit the in vivo utility of the conjugates due to potential 360 

premature breakdown in the bloodstream at physiological pH, which in the case of antibody-drug 361 

conjugates can lead to toxicity.85 However, it is likely the nature of the phenol component within the 362 

catalyst-free aldol bioconjugate could have a direct effect on its stability, suggesting that like the a-363 

oxo-Mannich, if pH stability could be increased then the catalyst-free aldol bioconjugation may afford 364 

a tuneable scaffold which could potentially be leveraged in the future for oxidative release of small 365 

molecules from proteins. For example cancer cells have higher levels of reactive oxygen species due 366 

to increased metabolic activity and a number other oncogenic processes,86 and thus could conceivably 367 

provide an ideal environment for selective release of phloridzin, or other SLGT inhibitors from the 368 

prostate cancer targeting nanobody bioconjugate 48 constructed here. 369 

 370 

METHODS 371 

General procedures and materials  372 

All solvents were dried prior to use according to standard methods, with the exception of solvents 373 

used for flash chromatography purposes, where GPR-grade solvents were used. All commercially 374 

available reagents were used as received. Analytical grade reagents were supplied by Sigma-Aldrich, 375 

Fisher Scientific, VWR International, Carbosynth, Alfa aesar and TCI. All solution-phase reactions were 376 

carried out under a dry nitrogen atmosphere using oven-dried glassware unless otherwise stated. All 377 

concentrations were performed in vacuo unless otherwise stated. Thin layer chromatography was 378 

carried out on Merck silica gel 60 F254 pre-coated aluminium foil sheets and these were visualised 379 

using UV light (254 nm) or charred following immersion in 5% sulphuric acid in methanol. Hydrophilic 380 

acylated surface protein A (HASPA) G1S mutant was prepared exactly as previously described.37 381 

sfGFP(N150Thz) was prepared exactly as previously described.35 Myoglobin from equine heart 382 

(M1882) was purchased from Sigma-Aldrich and used without further purification. 383 

 384 

NMR 385 



1H and 13C NMR spectra were measured at 500 MHz and 126 MHz respectively using a Bruker 500-386 

MR spectrometer at the University York Centre for Magnetic Resonance, using Me4Si as an internal 387 

standard when using chloroform d. Multiplicities are given as singlet (s), doublet (d) doublet of 388 

doublets (dd), doublet of doublet of doublets (ddd) or multiplet (m). Resonances were assigned using 389 

HH-COSY and CH-HSQC. All NMR chemical shifts (δ) were recorded in pp and coupling constants (J) are 390 

reported in Hz. Topspin 4.0.6 was primarily used for processing the spectral data.   391 

 392 

FTIR and optical rotations 393 

Fourier transform infrared (FTIR) spectra were recorded on a PerkinElmer UATR 2 spectrometer using 394 

the attenuated total reflectance (ATR) technique. (ESI) Optical rotations were measured using a 395 

Bellingham and Stanley ADP 450 Automatic Digital Peltier Controlled Polarimeter equipped with a 589 396 

nm LED. Concentration is denoted as c and was calculated as grams per 100 millilitres (g / 100 mL) 397 

whereas the solvent is indicated in parenthesis (c, solvent).  398 

 399 

Mass spectrometry  400 

Small-molecule high resolution mass spectrometry (HRMS) data were obtained at room temperature 401 

on a Bruker Daltonics microTOF mass spectrometer coupled to an Agilent 1200 series LC system. 402 

High Performance Liquid Chromatography-Electrospray Ionisation Mass Spectrometry (LC-MS) was 403 

accomplished using a Dionex UltiMate® 3000 LC system (ThermoScientific) equipped with an 404 

UltiMate® 3000 Diode Array Detector (probing 250-400 nm) in line with a Bruker HCTultra ETD II 405 

system (Bruker Daltonics), using Chromeleon® 6.80 SR12  software (ThermoScientific), Compass 1.3 406 

for esquire HCT Build 581.3, esquireControl version 6.2, Build 62.24 software (Bruker Daltonics), and 407 

Bruker compass HyStar 3.2-SR2, HyStar version 3.2, Build 44 software (Bruker Daltonics) at The 408 

University York Centre of Excellence in Mass Spectrometry (CoEMS). All mass spectrometry was 409 

conducted in positive ion mode unless stated otherwise. Data analysis was performed using ESI 410 

Compass 1.3 DataAnalysis, Version 4.1 software (Bruker Daltonics). Prior to analysis by LC-MS, peptide 411 

or protein ligation mixture was diluted 1:3 in water and then further diluted 1:1 in acetonitrile with 1 412 

% (v/v) formic acid. Peptide samples were analysed using an Accucore™ C18 2.6 µm column (50 x 2.1 413 

mm) (ThermoScientific).  Water with 0.1 % (v/v) formic acid (solvent A) and acetonitrile with 0.1 % 414 

(v/v) formic acid (solvent B) were used as the mobile phase at a flow rate of 0.3 mL/min at room 415 

temperature (RT). A multi-step gradient of 6.5 min was programmed as follows: 90% A for 0.5 min, 416 

followed by a linear gradient to 95% B over 3.5 min, followed by 95% B for an additional 0.5 min. A 417 

linear gradient to 95% A was used to re-equilibrate the column Under these conditions all peptides 418 

typically eluted between 2-5 min. Protein samples were analysed without the use of a column at RT. 419 



Water with 0.1 % (v/v) formic acid (solvent A) and acetonitrile with 0.1 % (v/v) formic acid (solvent B) 420 

were used as the mobile phase at a 1:1 ratio over the course of 3 min as follows: 0.05 mL/min to 0.25 421 

mL/min for 1 min, 0.025 mL/min for 1 min, followed by 1.0 mL/min for 1 min. Under these conditions, 422 

all proteins typically eluted between 0.1-1.5 min. 423 

Protein electrospray ionisation (ESI) mass spectra were obtained on a Bruker Solarix XR 9.4 T FTICR 424 

mass spectrometer. Samples were desalted and analysed at a final concentration of 0.3-10 μM in 425 

50:50:1 (v/v) H2O:MeCN:FA. Mass spectrometry data analysis was performed using ESI Compass 1.3 426 

DataAnalysis, Version 4.4 software (Bruker Daltonics). 427 

 428 

Determination of bioconjugation relative conversion 429 

For peptide bioconjugations, conversion from starting material to the desired product (relative 430 

conversion, %) was calculated by analysing the peak intensities of starting material and product 431 

species obtained after LC-MS analysis. For protein bioconjugations mass spectra were first 432 

deconvoluted, then conversion from starting material to the desired product was calculated by 433 

analysing the peak intensities of the starting material and product species.  434 

  435 

Solid Phase Peptide Synthesis (SPPS)  436 

Peptides were synthesised via manual solid phase peptide synthesis (SPPS) using an in-situ 437 

neutralisation/HCTU activation procedure for Fmoc chemistry on an H-Gly-2- ClTrt resin (Sigma) using 438 

Fmoc protected amino acids as described below:  439 

Preloaded resin preparation. The preloaded 2-chlorotrityl resin was weighed out into a 2 mL SPPS 440 

cartridge fitted with a PTFE stopcock, swollen in DMF for 30 min and then filtered.  441 

Amino acid coupling. DIPEA (11.0 eq.) was added to a solution of amino acid (5.0 eq.) and HCTU (5.0 442 

eq.) dissolved in the minimum volume of DMF and the solution added to the resin. The reaction 443 

mixture was gently agitated by rotation for 1 h, and the resin filtered off and washed with DMF (3 × 2 444 

min with rotation).  445 

Fmoc deprotection. A solution of 20% piperidine in DMF was added to the resin and gently agitated 446 

by rotation for 2 minutes. The resin was filtered off and repeated four more times, followed by washes 447 

with DMF (5 × 2 min with rotation).  448 

Cleavage and Isolation. Resins containing full synthesised peptides were washed with DCM (3 × 2 min 449 

with rotation) and MeOH (3 × 2 min with rotation). The resin was dried on a vacuum manifold and 450 

further dried on a high vacuum line overnight. A solution of cleavage cocktail 95:2.5:2.5 (v/v) 451 

TFA:H2O:triisopropylsilane was then added to the resin, and the resulting mixture was gently agitated 452 

by rotation for 60 min. The reaction mixture was drained into ice-cold Et2O and centrifuged at 6000 453 



rpm at 4 °C until pelleted (ca. 5-10 min). The supernatant was carefully decanted and subsequently 454 

resuspended, centrifuged and supernatant decanted three more times. The precipitated peptide 455 

pellet was then either dissolved 10% MeCN or in 10% aq. AcOH and lyophilised. The desired peptide 456 

was then further purified via size-exclusion chromatography (Sephadex LH-20 in water), and fractions 457 

containing pure, desired peptide were lyophilised and stored at -20 °C until required.  458 
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